Oceanic laser-induced breakdown spectroscopy. Development and application for the analysis of submerged solids by Lopez Claros, Marina

Doctoral Thesis 
OCEANIC LASER-INDUCED BREAKDOWN SPECTROSCOPY. 
DEVELOPMENT AND APPLICATION FOR THE ANALYSIS OF 
SUBMERGED SOLIDS 
by 
MARINA LÓPEZ CLAROS 
Research supervisors: José Javier Laserna Vázquez and Francisco Javier Fortes Román 
Doctoral programme 
Química Avanzada, Preparación y Caracterización de Materiales 
Facultad de Ciencias 
Universidad de Málaga 
Málaga, España  
2017 
AUTOR: Marina López Claros
        http://orcid.org/0000-0003-0819-8931
EDITA: Publicaciones y Divulgación Científica. Universidad de Málaga
Esta obra está bajo una licencia de Creative Commons Reconocimiento-NoComercial-
SinObraDerivada 4.0 Internacional:
http://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
Cualquier parte de esta obra se puede reproducir sin autorización 
pero con el reconocimiento y atribución de los autores.
No se puede hacer uso comercial de la obra y no se puede alterar, transformar o hacer 
obras derivadas.
Esta Tesis Doctoral está depositada en el Repositorio Institucional de la Universidad de 
Málaga (RIUMA): riuma.uma.es

IV 


VII 
AGRADECIMIENTOS 
Como estudiante de doctorado el sacrificio y la constancia hasta concluir mis estudios no solo se 
deben a mi único esfuerzo, sino también a esas personas que con su apoyo me motivaron hasta lograr 
este proyecto con su paciencia y en especial su ánimo. Mi más sincero agradecimiento a todas aquellas 
personas e instituciones que, de una u otra forma, han hecho posible la realización de esta memoria. 
En primer lugar, quiero dar las gracias a mis directores de tesis. A Javier Laserna por la confianza 
depositada en mí así como permitirme crecer como científica apoyándome con los recursos técnicos y 
humanos y con sus directrices para desarrollar este trabajo en el Laboratorio Láser de la Universidad de 
Málaga. Además de enriquecerme de su amplia experiencia como científico y mostrarme la visión real del 
mundo de la investigación. A Fco. Javier Fortes por guiarme con absoluta dedicación y entrega en este 
trabajo transmitiéndome su potencial científico y entusiasmo cada día. En especial me gustaría agradecerle 
toda la confianza depositada en mi, sus sabios consejos que sin duda me han ayudado a superar los 
baches del camino, y como no a su gran calidad humana. 
A José Miguel Vadillo agradecerle su ayuda y guía en mis primeros pasos en el mundo de 
investigación y por abrirme la puerta para el desarrollo de esta tesis. 
A la Consejería de Economía, Innovación y Ciencia y Empleo, Secretaría General de 
Universidades, Investigación y Tecnología de la Junta de Andalucía que a través de los proyectos de 
investigación de excelencia me han brindado el soporte económico con la contratación como personal 
investigador en formación (PIF) con el proyecto P11-FQM-7193 y con el cual ha sido posible realizar esta 
Tesis doctoral. Particularmente también me gustaría agradecer la oportunidad que facilita este tipo de 
contratación a tomar contacto directo en materia docente, sin duda resultó una enriquecedora y grata 
experiencia. A la Universidad de Málaga y a los Servicios Centrales de Investigación en particular por los 
medios dispuestos a nuestro alcance, desde los servicios de limpieza y seguridad hasta las técnicas de 
análisis más avanzadas. 
El desarrollo de esta memoria no habría sido posible sin la colaboración del personal de diversas 
instituciones a las cuales me gustaría agradecer su asesoramiento y trabajo. A Carmen García Rivera, 
Milagros Alzaga, Josefa Martí, Nuria Rodríguez y Aurora Higueras del Centro de Arqueología Subacuática 
del Instituto Andaluz de Patrimonio Histórico por aportar el punto de vista arqueológico dándole un sentido 
práctico a la investigación realizada, así como por el suministro del material de estudio. Además me 
gustaría prolongar este agradecimiento resaltando su esfuerzo y compromiso en las campañas de medida 
llevadas a cabo en yacimientos arqueológicos sumergidos reales. Por supuesto quiero hacer extensible 
este agradecimiento a todos los participantes de las dos campañas de medidas realizadas: Ignacio Entralla 
y Luis Pellejero (buzos profesionales), Raúl Expósito (técnico de audio y video), Fco. Javier Fortes, 
Salvador Guirado, Patricia Lucena y Javier Laserna (personal científico de UMALaserLab), Carlos Barbero 
y su tripulación del barco pesquero Tridacna; y Manual de Alba y su tripulación de Cabo Roche. Por otro 
lado, debo manifestar mi profundo agradecimiento a Juan Antonio y Jesús del Taller de Mecánico de la 
VIII 
UMA por su asesoramiento y ayuda para hacer realidad aquellas ideas que compusieron la cámara de 
altas presiones, así como un gran número de piezas del analizador AQUALAS. Y a Paco Prado por 
asesorarnos siempre sobre la mejor solución a adoptar en aquellos aspectos relacionados con la hidráulica 
y la alta presión. Al servicio de microscopía de la UMA compuesto por Goyo, Adolfo y David por su 
amabilidad y enseñanzas. 
Al Consiglio Nazionalle delle Ricerche-Istituto di Nanotecnologia (CNR- NANOTEC) e l’Università 
degli Studi di Bari Aldo Moro (UNIBA) d’Italia, per offrirmi la possibilità di lavorare durante il mio soggiorno 
di ricerca nel grupo del Prof. Alessandro De Giacomo. Vorrei ringraziare in modo particulare al Prof. 
Alessandro De Giacomo per l’accoglienza e per avermi fatto sentire parte del suo gruppo di ricerca, ed 
insieme a Marcella dell’Aglio e Rosalba Gaudiuso per trasmettermi l’entusiasmo, l’impegno e gli 
insegnamenti sulla ricerca di questa Tesi sulla valutazione della LIBS in profondità dell’acqua alta. Non 
posso fare a meno di ringraziare anche i miei colleghi di laboratorio en Bari. Tra tutti vorrei ringraziare in 
particolare a Gabriele Valenza, e Can Koral per la sua gentilezza ed per essere sempre disposto ad 
aiutarmi, e anche tutti i ricercatori del CNR che sono stati sempre molto gentili. 
A mis compañeros de laboratorio los cuales han sido un gran apoyo durante este recorrido y que 
siempre recordaré con especial cariño. Todos han contribuido de una u otra manera en este proyecto, por 
ello quiero mostrar mi agradecimiento a todos con los que he ido coincidiendo en este camino. A mi 
predecesor Salvador Guirado por transmitirme todo tus conocimientos, amistad, ayuda y divertidos 
momentos en mis primeros pasos en el Team Aqualas. A Inma y Jorge por brindarme su amistad, 
experiencia y enriquecerme con buenos momentos. A Ángel por compartir su particular e interesante 
filosofía de vida. A Luisa, Javier Ruiz, José Miguel, Patricia, Carmen, Belén e Irene por estar siempre 
dispuestos a brindarme su ayuda. A Xavi y Tomás sus consejos y el dedicarme siempre un hueco (aunque 
estén hasta arriba) para ayudarme y escucharme. A Pablo y David su amistad y gran compañerismo. 
Además Pablo, nunca olvidaré aquel agosto sacando datos como locos para las JAI. Por supuesto no me 
olvido de Samara y Fran, los reservo con especial cariño para el final. Gracias Samara simplemente por ser 
tú, por brindarme tu ayuda, bondad y cariño y por hacer más llevadero estos duros últimos meses 
sacándome siempre unas risas; me llevo una gran amiga. A Fran para ti no tengo palabras, papel ni tinta 
suficiente para agradecerle todo lo que has hecho por mí, tus enseñanzas, tu confianza depositada cuando 
ni yo misma la tenía, y tu apoyo, especialmente durante tu ausencia que para mí no fue tal. Gracias por tu 
calidad profesional y humana. A todos, gracias por crear tan buen ambiente de trabajo y por estar ahí 
siempre que os he necesitado. 
A mis amigos externos al mundo científico también les guardo unas palabras de agradecimiento 
por su interés en mis proyectos en especial a Fran, Charo y Miriam; y el grupo de arquitectos por el mundo. 
No me olvido de mi Valenciana Lidia. Gracias por los buenos ratos. 
También con todo el cariño agradecer a mi familia su incondicional apoyo. A mis padres Joaquín y 
Paqui, gracias por la educación que me habéis brindado con vuestro esfuerzo, dedicación y cariño; por 
mostrarme que siempre hay que seguir adelante que así es como se alcanzan las metas. Gracias a todo 
IX 
eso hoy estoy escribiendo estas letras. A mi hermana Laura y Alberto por ser mis más fieles consejeros y 
estar siempre ahí. A mis sobrinos que los quiero con locura, Álvaro y Adrián por hacerme feliz los ratos que 
compartimos. A mi hermano Joaquín y Cristina por su cariño y apoyo. A los que se marcharon durante este 
camino pero que tan presentes están cada día. A Guillermo y Conchi, Cristina y Carlos y Carlitos por su 
confianza y afecto. 
Por último a ti Luis, mi estructura de hormigón armado, sin duda este trabajo en el fondo es 
íntegramente tuyo. Por estar a mi lado en todo momento, por ser mi mejor amigo y el mayor de mis críticos, 
por tu infinita paciencia, confianza y ayuda. Por no dejarme caer y enseñarme a ver desde otra óptica. 
“Si yo pudiera enumerar cuánto debo a mis grandes antecesores y 
contemporáneos, no me quedaría mucho en propiedad.” 
Johann W. Goethe 

XI 
    A mi Familia 
     A Luis 

Table of Contents 

Table of Contents 
 
XV 
 
CONTENTS 
Resumen (Spanish summary) ………………………………………………………………………...................  1 
Objectives ………………………………..………………………………………………………………...............  23 
Chapter 1: Underwater archaeology ........................................................................................................  27 
 1. What is underwater archaeology? .............................................................................................  29 
 2. Importance of underwater cultural heritage ...............................................................................  29 
 3. Phase of research. Underwater prospecting and excavation ....................................................  33 
 4. Objective. In situ analysis of the archaeological material ……………........................................  36 
 5. References ................................................................................................................................  38 
Chapter 2: Laser-Induced breakdown spectroscopy: fundamentals and applications.......................  41 
 1. Fundamentals of LIBS ...............................................................................................................  43 
  1.1. Overview ...................................................................................................................  43 
  1.2. Laser-matter interaction and plasma formation ........................................................  44 
  1.3. Factor affecting laser ablation and laser induced plasma formation ........................  49 
   1.3.1. Influence of laser parameters on the laser induced plasma ....................  50 
   1.3.2. Influence of ambient gas on the laser induced plasma ...........................  52 
   1.3.3. Influence of target on the laser induced plasma ......................................  53 
  1.4. Parameters for plasma characterization ...................................................................  54 
 2. LIBS configuration .....................................................................................................................  55 
 3. LIBS approach ...........................................................................................................................  57 
  3.1. Portable sensors .......................................................................................................  58 
  3.2. Sensors for distant objects .......................................................................................  59 
 4. Applications ...............................................................................................................................  60 
  4.1. General overview ......................................................................................................  60 
   4.1.1 Cultural Heritage .......................................................................................  60 
Table of Contents 
 
XVI 
 
   4.1.2. Industrial analysis ....................................................................................  62 
   4.1.3. Environmental monitoring ........................................................................  62 
   4.1.4. Security and forensic ...............................................................................  62 
   4.1.5. Biomedical ...............................................................................................  63 
   4.1.6. Space exploration ....................................................................................  64 
  4.2. LIBS in liquids ...........................................................................................................  64 
   4.2.1. Basic principles ........................................................................................  64 
   4.2.2. LIBS excitation configuration inside liquids .............................................  67 
   4.2.3. Applications .............................................................................................  69 
 5. References ................................................................................................................................  73 
Chapter 3: Experimental ............................................................................................................................  89 
 1. Overview ....................................................................................................................................  91 
 2. Remote LIBS sensor based on fiber optic transmission.............................................................  92 
  2.1. Optical module ..........................................................................................................  93 
  2.2. Optical fiber, umbilical cord and gas supply protection ............................................  97 
  2.3. Hand-held probe .......................................................................................................  99 
  2.4. Data acquisition module and results display ..........................................................  101 
  2.5. Auxiliary module .....................................................................................................  102 
  2.6. Fiber-based system approach ................................................................................  103 
   2.6.1. LIBS excitation configuration .................................................................  103 
   2.6.2. Optical fiber LIBS system ......................................................................  106 
 3. LIBS sensor for distant objects ................................................................................................  109 
  3.1. Design and construction of a high pressure chamber ............................................  110 
  3.2. Influence of the optical path on the laser beam radiation .......................................  115 
 4. References ..............................................................................................................................  117 
Table of Contents 
 
XVII 
 
Chapter 4: Capabilities, stability and robustness of Aqualas system. Underwater chemical 
characterization of galvanized steel ......................................................................................................  119 
 1. Introduction ..............................................................................................................................  121 
 2. Experimental set-up..................................................................................................................  122 
  2.1. Instrument ...............................................................................................................  122 
  2.2. Samples ..................................................................................................................  123 
 3. Results and discussion.............................................................................................................  123 
  3.1. Stress test in a marine environment. Stability and robustness of the remote LIBS  
  system ...........................................................................................................................  123 
  3.2. Underwater LIBS analysis of galvanized steel .......................................................  126 
 4. Conclusion ...............................................................................................................................  130 
 5. References ..............................................................................................................................  131 
Chapter 5: Influence of gas on underwater laser-induced breakdown spectroscopy analysis. 
Application to the cultural heritage field ...............................................................................................  135 
 1. Introduction ..............................................................................................................................  137 
 2. Experimental set-up..................................................................................................................  139 
  2.1. Instrument ...............................................................................................................  139 
  2.2. Samples ..................................................................................................................  139 
  2.3. Submersible LIBS probe. Gas protection ...............................................................  139 
 3. Results and discussion ............................................................................................................  139 
  3.1. Influence of purge gas ............................................................................................  139 
   3.1.1. Influence of the differential of pressure on LIBS signal .........................  140 
   3.1.2. Influence of purge gas type on LIBS signal ...........................................  142 
  3.2. Analysis of archaeological samples ........................................................................  148 
 4. Conclusions .............................................................................................................................  150 
 5. References ..............................................................................................................................  151 
Table of Contents 
 
XVIII 
 
Chapter 6: Subsea spectral identification of shipwreck objects using laser-induced breakdown 
spectroscopy and linear discriminant analysis ....................................................................................  155 
 1. Introduction ..............................................................................................................................  157 
 2. Materials and methods ............................................................................................................  158 
 3. Results and discussion ............................................................................................................  158 
  3.1. Classification method for archaeological artefacts .................................................  158 
  3.2. Chronological sorting of metallic sheathings ..........................................................  161 
  3.3. Identification of objects in shipwrecks. The wreck of San Pedro de Alcántara .......  163 
 4. Conclusions .............................................................................................................................  168 
 5. References ..............................................................................................................................  169 
Chapter 7: Double pulse laser induced breakdown spectroscopy of a solid in water: effect of 
hydrostatic pressure on laser induce plasma cavitation bubble and emission spectra ..................  173 
 1. Introduction ..............................................................................................................................  175 
 2. Experimental set-up..................................................................................................................  176 
 3. Results and discussions ..........................................................................................................  178 
  3.1. Underwater laser-induced plasma ..........................................................................  178 
  3.2. Effect of hydrostatic pressure on the cavitation bubble expansion .........................  181 
  3.3. Double pulse LIBS underwater at high pressure ....................................................  183 
 4. Conclusions .............................................................................................................................  188 
 5. References ..............................................................................................................................  188 
Chapter 8: Effect of high pressure on laser induced breakdown spectroscopy signal for 
oceanographic applications ...................................................................................................................  193 
 1. Introduction ..............................................................................................................................  195 
 2. Experimental set-up..................................................................................................................  196 
  2.1. Instrument ...............................................................................................................  196 
Table of Contents 
 
XIX 
 
  2.2. Samples ..................................................................................................................  198 
 3. Results and discussions ..........................................................................................................  198 
  3.1. Underwater DP-LIBS of solid samples. Optimization of temporal conditions..........  199 
  3.2. Underwater DP-LIBS of solid samples. Influence of laser energy ..........................  202 
  3.3. Influence of plasma light collection geometry .........................................................  204 
  3.4. Influence of water temperature on LIBS signal .......................................................  205 
  3.5. Influence of water pressure on LIBS signal. Matrix effect ......................................  207 
 4. Conclusion ...............................................................................................................................  212 
 5. References ..............................................................................................................................  212 
Conclusions .............................................................................................................................................  217 
Appendix 1. High pressure chamber certification ................................................................................  221 
Appendix 2: Archaeological samples of Centro de Arqueología Subacuática ..................................  237 
Appendix 3. Publications ........................................................................................................................  263 
 
 
Spanish Summary 
 
 
 
 
 
 
 
 
 
Spanish Summary 
3 
 
Cumpliendo con el REGLAMENTO DE LOS ESTUDIOS DE DOCTORADO DE LA UNIVERSIDAD 
DE MÁLAGA y por el hecho de que la presente Memoria de Tesis Doctoral está íntegramente redactada en 
inglés, la siguiente sección incluye un resumen de la misma en español. 
 
Resumen de la Tesis Doctoral 
Actualmente, la caracterización del patrimonio cultural sumergido se ha convertido en una de las 
áreas de mayor interés en arqueología. El motivo principal es la cantidad de información histórica que 
contienen los restos que permanecen hundidos, no sólo en las profundidades de mares y océanos, donde 
se encuentran la mayoría de estos yacimientos, sino también en otras localizaciones como ríos, lagos o 
pantanos. Cada yacimiento arqueológico es una puerta abierta al pasado, donde cada dato averiguado sobre 
un objeto es un paso más hacia el conocimiento de su propia historia. En este sentido su localización en 
combinación con los registros documentales de la época y junto al conocimiento de su composición química 
pueden ser una información vital para situar la procedencia espacio-temporal o para entender la tecnologías 
constructivas de la época. Un ejemplo de ello se encuentra en el análisis de los forros de barcos hundidos 
para los cuales a lo largo de los siglos se ha ido modificando el material base, así como, el material de 
defensa de las naves, donde los cañones podían ser fabricados en hierro o bronce según el periodo histórico. 
Por todo ello, es imprescindible estudiar, proteger y conservar los bienes sumergidos los cuales se 
encuentran sometidos a la continua agresión del medio. 
Las técnicas analíticas clásicas suelen requerir el traslado de las piezas hasta el laboratorio para 
estudiar su composición, sin embargo, esto no siempre es posible. Algunas veces no se puede extraer el 
objeto de su yacimiento simplemente por cuestiones logísticas, por ejemplo debido a su tamaño. En otras 
ocasiones, la causa puede tener su origen en la legislación, o bien estar contraindicada para la integridad 
del objeto. Los materiales presentes en el propio yacimiento se encuentran en equilibrio químico con su 
entorno, lo que evita su deterioro. Tras su extracción, las piezas fuera del agua comienzan a oxidarse debido 
al oxígeno del aire y a los electrolitos que puede llevar ocluidos en su interior. Impedir este proceso es 
complejo, caro y puede llevar varios meses de trabajo. De esta forma, el análisis in-situ de los objetos suele 
ser la única alternativa en muchos casos. Además, es importante indicar que la propia disposición del objeto 
en el contexto del yacimiento puede proporcionarnos información sobre el mismo. Por ello, la Organización 
de las Naciones Unidas para la Educación y la Cultura (UNESCO), en la Convención para la protección del 
patrimonio cultural sumergido, considera la conservación in-situ del patrimonio cultural como “la opción 
prioritaria antes de autorizar o emprender actividades dirigidas a ese patrimonio”.  
Por tanto se plantea un reto analítico que es caracterizar los restos en los yacimientos subacuáticos 
sin extraerlos de su ubicación original. A pesar de esta demanda, no existen muchas técnicas analíticas 
disponibles para llevar a cabo el análisis químico in-situ, en realidad, sólo aquellas basadas en la tecnología 
láser son capaces de afrontar este reto (por ejemplo Raman, LIF y LIBS). En este sentido la espectroscopía 
de formación de plasma inducidos por láser (LIBS), combina prácticamente todos los requisitos deseables 
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para este tipo de aplicación. Entre sus características, se pueden destacar su potencial para realizar análisis 
in-situ en un rango ilimitado de materiales, su capacidad de detección atómica simultánea y multi-elemental 
sin necesidad de preparar la muestra previamente, y la posibilidad de su implementación en equipos 
portátiles y de detección a distancias remotas. 
Tras el problema planteado, los trabajos realizados en esta tesis doctoral han sido enfocados a 
sumar un granito de arena más en la implementación de la técnica LIBS para el reconocimiento e 
identificación in-situ de materiales sumergidos en yacimientos arqueológicos reales. En concreto, la 
investigación llevada a cabo puede englobarse en dos áreas diferenciadas por la aproximación de la técnica 
al medio marino. Por un lado, se plantea una configuración de acceso remoto al yacimiento arqueológico 
sumergido utilizando un sistema portátil en el cual el análisis se realiza en contacto con la muestra guiando 
el láser al objeto a través de una fibra óptica. En este contexto, el primer bloque de la presente Tesis Doctoral 
se centra en la evaluación de las capacidades de análisis, estabilidad y robustez del prototipo de acceso 
remoto (desarrollado por la Universidad de Málaga), así como en la optimización de los parámetros 
operacionales del mismo. Además, se ha diseñado un método de clasificación que permite discriminar in situ 
las piezas desconocidas hallas en el fondo del mar en función de su naturaleza. El segundo bloque se ha 
encaminado en la evaluación de la implementación hipotética de la técnica al medio marino utilizando un 
vehículo de operación remota (ROV) en el cual el análisis se realice a distancia. En este contexto se 
presentan unos estudios preliminares utilizando una configuración de excitación de doble pulso. 
Concretamente, se evalúa el efecto de la profundidad de análisis sobre cuestiones fundamentales enfocadas 
en el fenómeno formación del plasma así como de post-formación del plasma (generación de burbuja de 
cavitación), además de la evaluación de la influencia de distintos parámetros operaciones sobre la señal 
espectral. 
A continuación se resumen los resultados más relevantes de la investigación desarrollada, 
diferenciándose los dos bloques de contenidos anteriormente mencionados. 
  
Spanish Summary 
5 
 
Bloque 1: Aproximación de la técnica LIBS para la identificación de materiales arqueológicos 
sumergidos basado en una configuración remota de análisis en contacto con la muestra. 
 
 
 Sistema experimental 
En este bloque el sistema experimental utilizado fue un novedoso instrumento llamado AQUALAS 
2.0 (desarrollado por la Universidad de Málaga) basado en el guiado del haz láser a través de una fibra óptica 
hasta la superficie del material de interés. Éste fue especialmente diseñado para el análisis químico remoto 
de materiales sumergidos.  
El prototipo consta de dos partes bien definidas: una sonda de muestreo y un módulo principal, 
interconectadas por medio de un umbilical de 50 metros de longitud. La unidad principal contiene el módulo 
óptico, donde se realiza el acoplamiento láser-fibra, el módulo de adquisición de datos y la fuente de 
alimentación del láser. Las dimensiones del prototipo son de 81 x 86 x 126 cm.  
El módulo óptico consiste en una estructura de metacrilato especialmente adaptada para prevenir 
la deposición de aerosoles marinos sobre los componentes ópticos del sistema. Este módulo también 
contiene la fuente de excitación láser así como todos los componentes ópticos para realizar tanto el 
acoplamiento láser-fibra como la detección del plasma procedente de la superficie de la muestra. El haz láser 
es transmitido a través de 55 metros de fibra óptica protegidos en el interior de un umbilical que conecta la 
sonda de análisis con el módulo óptico. En el extremo final de la fibra óptica, el haz láser es enfocado sobre 
la superficie del material mediante un sistema óptico incorporado en el interior de la sonda LIBS de análisis. 
El umbilical también suministra un flujo constante de gas al interior de la sonda, para eliminar el agua de la 
superficie del material creando una interfase gas-sólido que facilita el análisis LIBS bajo agua. 
Una vez generado el plasma sobre la superficie del material, la luz se transmite a través de la misma 
fibra óptica para regresar al módulo óptico, donde es guiada hacia el módulo de adquisición de datos a través 
de un sistema óptico de colección. El módulo de adquisición de datos, instalado en la unidad principal, consta 
de un espectrómetro, un convertidor de video y un ordenador. Un generador de pulsos y retrasos que controla 
externamente el sistema. El espectrómetro utilizado es un Czerny-Turner que tiene una red de difracción de 
1200 líneas/mm y una resolución espectral de 0.1-0.2 nm/pixel en el rango espectral de 300-550 nm. 
El equipo también dispone de un módulo auxiliar para su total autonomía en los trabajos de campo. 
Este módulo contiene un compresor de aire, un estabilizador de corriente y un generador externo de corriente 
que dota al equipo de siete horas de autonomía de trabajo. 
Por otro lado, este instrumento puede ser configurado en dos modos de excitación diferente tanto 
en pulso-simple convencional (SP-LIBS) como en múltiples pulsos (MP-LIBS). La configuración MP-LIBS 
permite introducir una mayor radiación láser a través de la fibra óptica aumentando de tal modo las 
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prestaciones del equipo en términos de energía. De hecho, esta última será la empleada en los trabajos que 
se indican en este bloque. 
Además de esto, es importante mencionar la forma de actuación del prototipo en un entorno real de 
análisis de un yacimiento arqueológico sumergido. En primer lugar, debe realizarse una prospección previa 
por personal cualificado y autorizado, que en nuestro caso pertenecen al Centro de Arqueología Subacuática 
(CAS). Siguiendo los protocolos establecidos para minimizar el riesgo de dañar las piezas arqueológicas, 
eliminan la capa de concreción de la superficie de las muestras. Seguidamente, el instrumento AQUALAS 
2.0 se transporta hasta el puerto más cercano al yacimiento y de aquí se despliega en una embarcación 
auxiliar que nos desplaza al entorno del yacimiento. En este punto, un buzo profesional portando la sonda 
de análisis se dirige a las inmediaciones donde se sitúa el material de interés. 
 
 Capacidades, estabilidad y robustez del equipo AQUALAS 2.0 para el análisis de sólidos 
sumergidos y caracterización química submarina de aceros galvanizados. 
Una primera investigación para evaluar la estabilidad y robustez del equipo AQUALAS 2.0 en el 
ambiente marino fue realizada utilizando como escenario la bahía de Málaga. La muestra seleccionada para 
la secuencia de experimentos fue un bronce certificado para el cual se seleccionó la línea de Cu a 521.82 
nm. 
En primer lugar, se evalúo el despliegue del cable umbilical que contiene en su interior la fibra óptica. 
Los 50 m de cable se encuentra enrollados en un soporte en el cual la posible tensión acumulada podría 
afectar al suministro de energía a través de la fibra óptica. Se comprobó que la intensidad de la señal 
espectral se mantuvo prácticamente constante con el despliegue de la sonda en el rango de trabajo de 0-50 
m y la variabilidad de la señal obtenida fue por debajo del 14%. Además, la energía promedio de 500 pulsos 
en cada trayecto de 10 m de despliegue de la sonda indicó una alta estabilidad con una energía promedio 
de 42.6 mJ pulso -1 y una variabilidad del 2%. 
Atendiendo a los resultados mencionados anteriormente, la estabilidad del sistema LIBS es muy 
satisfactoria. En este sentido, un daño hipotético de la fibra óptica puede ser el único punto débil de nuestro 
prototipo. Por lo tanto, con el objetivo de evaluar la robustez del acoplamiento de láser a la fibra el sistema 
LIBS se trasladó a lo largo de un camino adoquinado de 500 m. Los espectros LIBS registraron a cada 100 
m muestran una intensidad promedio prácticamente constante en 35.000 cuenta alcanzando una desviación 
estándar relativa menor del 10% en todos los casos, esto confirman la robustez del acoplamiento de láser a 
la fibra. 
En relación con esto resultados, la estabilidad probada y robustez del sistema LIBS remoto 
garantizan la fiabilidad de los datos adquiridos en condiciones severas (es decir, en un entorno marino) 
durante una campaña de campo. 
Por otro lado, es importante destacar que el análisis de los materiales sumergidos es un área de 
aplicación de creciente interés, especialmente en el sector industrial donde, para asegurar la fiable protección 
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a la corrosión, el espesor del recubrimiento tiene que ser mantenido constante en un rango de tolerancia. En 
este sentido, y bajo el mismo escenario de trabajo, la capacidad del equipo para analizar y determinar 
espesores de capa en materiales sumergidos se evaluó. Para este estudio se utilizó un conjunto de 5 
muestras de aceros galvanizados con diferentes espesores de recubrimiento comprendidos en el rango de 
3.2 a 11.2 µm. Las muestras fueron analizadas en el mar y se registró tanto la emisión de las líneas de Zn 
(I) a 472.21nm como de Fe (I) 438.35 nm del recubrimiento y sustrato, respectivamente. Además este estudio 
se realizó utilizando una configura de excitación de MP para dos valores de duración del pulso láser principal 
de 22 y 30 ns. Se observó que el número de pulsos necesarios para agotar completamente la capa de 
recubrimiento fue menor para la duración de pulso más larga, 30 ns. Utilizando la derivada del perfil de 
intensidad y en base al criterio descrito en bibliografía de P0.5 , se calculó la tasa de ablación media (AAR) 
para ambas anchos de pulso en una muestra de espesor de recubrimiento de 11.2 µm. Los resultados 
mostraron una AAR de 172 nm pulso-1 y 254 nm pulso-1  para el ancho de pulso de 22 ns y 30 ns, 
respectivamente. Por tanto, se observó que al utilizar una duración de pulso más larga P0.5 decrece y por 
consiguiente la AAR aumenta en comparación a una duración de pulso corta. Este hecho puede ser debido 
a que a mayor duración del impulso principal en la secuencia de multipulsos favorece el calentamiento y la 
fusión de la muestra. De esta forma se facilita la ablación de la superficie de la muestra por el resto de los 
pulsos de la secuencia. Por otro lado, con el objetivo de cuantificar el límite de exactitud y precisión de los 
perfiles obtenidos, se calculó la resolución en profundad (ΔZ) para la muestra de espesor 3.2 µm usando 
ambos anchos de pulso. Se obtuvo un ΔZ de 2.8 µm y 2.2 µm para 22 ns y 30 ns, respectivamente. Se pudo 
concluir que una caracterización más rápido y con una mejor resolución del perfil se obtiene al utilizar una 
duración de pulso mayor. 
Además de esto, con el fin de determinar el espesor de un recubrimiento de Zn desconocido, se 
construyó una curva de calibrado correlacionando el número de pulsos para llegar a la interfase Zn-Fe con 
el espesor de la capa. La calibración se realizó para los dos valores de duraciones de pulso. En ambos 
casos, la correlación entre ambas variables fue excelente obteniéndose un coeficiente de correlación lineal 
(R2) de 0.99. Estos resultados muestran el potencial de la tecnología a distancia-LIBS para la estimación del 
espesor de recubrimiento de una muestra de acero galvanizado desconocido. 
 
 Optimización de parámetros operacionales del equipo AQUALAS 2.0: influencia de la presión 
de salida y composición química del gas de purga sobre la señal LIBS. 
Nuestro instrumento remoto basado en una configuración de guiado de haz láser por fibra óptica, 
como se comentó, se constituye por una sonda de LIBS sumergible en el que a través de un cordón umbilical 
se suministra un gas de protección o gas de purga. De hecho, el uso del gas de purga es clave para expulsar 
el agua de la superficie de la muestra y crea una interfaz entre la muestra y la sonda de sólido a gas en lugar 
de sólido a líquido. Este hecho, es ideal para el análisis LIBS bajo el agua ya que la gran atenuación que 
produce ésta sobre la radiación de 1064 nm evitaría la deposición de una dosis suficiente de energía sobre 
la posición de análisis. De este modo, en comparación con una interfase sólido-líquido, se mejora la eficiencia 
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de ablación. Por otra parte, el gas de purga se utiliza para impedir la entrada de agua en la sonda LIBS. En 
este caso, debe tenerse en cuenta que la diferencia de presión (ΔP) entre el interior (P int) y fuera de la sonda 
(Pext) debe ser superior o al menos a 1 bar. 
Además de estos usos comentados, se decidió estudiar el empleo del gas de purga con el objetivo 
de mejorar las prestaciones y el rendimiento analítico del prototipo. Como es conocido en literatura, las 
propiedades del gas circundante al plasma influencian severamente en la respuesta espectroscópica. En 
este sentido, se optó por evaluar tanto la influencia del ΔP como la composición química de este gas 
circundante. En particular, estos estudios se enfocaron con la proyección de mejorar la detección de 
muestras de carácter cerámica. Este tipo de materiales son muy comúnmente hallados en los yacimientos 
arqueológicos sumergidos, sin embargo, el análisis en tales condiciones puede ser complejo debido a su 
naturaleza altamente porosa y quebradiza.  
 Influencia del diferencial de presión del gas de purga sobre la señal LIBS 
La influencia del diferencial de presión del gas de purga a la salida de la sonda LIBS se evaluó en 
las líneas de emisión de Ca (I) a 422,6 nm, Fe (I) a 438,3 nm y Ti (I) at 498,1 nm de una muestra de origen 
cerámico. En este experimento se fue aumentando ΔP en intervalos de 0.5 bar en un rango comprendido 
entre 1 a 4 bar. Se observó que para las tres líneas de emisión la intensidad disminuye a medida que ΔP 
aumenta. Este hecho se podría atribuir a un posible proceso de apantallamiento del plasma. Cuando la 
presión del medio aumenta, el plasma se confina sobre la superficie de la muestra. En este caso, una mayor 
densidad de especies se encuentra en el plasma por unidad de volumen produciendo un efecto de 
“protección”-“apantallante” del plasma más acusado a medida que aumenta el confinamiento. Debido a esto, 
la radiación láser que llega a la superficie de la muestra se reduce y por lo tanto se obtiene una disminución 
en la señal de LIBS. Este efecto de “protección” del plasma se pudo contrastar calculando la densidad 
electrónica del mismo (Ne). Como era de esperar, se obtuvo una mayor densidad de especies en el plasma 
cuando ΔP = 4 bar (Ne 1.09·1019 cm−3) y se encuentra más confinado éste en comparación con el valor de 
Ne obtenido para ΔP = 1bar (Ne 0.5 1019 cm−3). Por tanto, en el caso particular evaluado de material cerámico, 
el ΔP debe establecerse en el mínimo posible para evitar el apantallamiento del plasma y mejorar de esta 
forma la caracterización química de la cerámica durante el análisis in situ en un yacimiento arqueológico bajo 
el agua. 
 Influencia de la composición química del gas de purga sobre la señal LIBS 
La influencia de la composición química de gas de purga también se evaluó con el objetivo de 
mejorar la sensibilidad analítica en muestras cerámicas. Este experimento se llevó a cabo utilizando diversos 
gases ambiente tales como aire, CO2, He y Ar manteniendo contante ΔP 3 bar. Las líneas de emisión 
seleccionadas fueron Ca (I) a 422,6 nm, como representación de elementos mayoritarios, y Fe (I) a 438,3 
nm, para los elementos minoritarios de la muestra. La intensidad de emisión de Ca y Fe mayores se obtuvo 
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utilizando como gas de purga Ar. Para el resto de los gases, la intensidad fue disminuyendo siguiendo la 
secuencia de He > Aire > CO2. Por otra parte, la intensidad de fondo también fue estudiada encontrándose 
la menor contribución usando He en comparación con Ar, aire y CO2. Así como, la relación señal ruido (SNR) 
de los espectros en la que se obtuvo la misma secuencia que para el parámetro de intensidad Ar > He > Aire 
> CO2.  
Los comportamientos descritos se pueden atribuir a los parámetros del plasma tales como la 
temperatura electrónica (Te) y la densidad (Ne) las cuales están influenciadas por las propiedades del gas 
circundante a la muestra. En general, plasmas con alta Te (energéticos), producen una mayor emisión 
alcanzando intensidades en los espectros LIBS altas. Por tanto, ambos parámetros fueron calculados para 
los cuatro gases. Como se esperaba, una Te mayor se obtuvo utilizando una atmósfera de Ar con respecto 
al aire, CO2 y He. Además, también se obtuvo una gran densidad de electrones con Ar que explica la 
intensidad de fondo mayor debido a la influencia de la radiación continua. Incluso se observó que los tránsitos 
con diferenciales energéticos mayores son favorecidos con este gas. Por otra parte, es importante mencionar 
el caso del gas He. Es conocido en bibliografía el carácter del gas para producir plasmas fríos y de baja Ne, 
coincidente a nuestros resultados experimentales expuestos. Sin embargo, con este gas se alcanzó la 
segunda intensidad de emisión más alta. Este hecho puede estar asociado con una menor contribución de 
la radiación del continuo con respecto al resto de los gases estudiados.  
A raíz de los resultados expuestos, la sustitución de aire como gas de purga, de uso común para 
una campaña de campo, por argón se presenta como una alternativa para aumentar la sensibilidad analítica 
de los equipos AQUALAS 2.0 en materiales cerámicos. Sin embargo, a pesar de los beneficios que produce 
Ar en la respuesta analítica, otro factor debe tenerse en cuenta como es su costo. Para una campaña de 
campo es fácil y accesible emplear aire utilizando un compresor. En contraste Ar debe ser transportado en 
un contenedor previamente suministrado por un distribuidor. Por lo tanto, con el fin de reducir el costo de 
análisis y mantener una buena calidad espectral, se decidió llevar a cabo un estudio con mezclas de 
diferentes proporciones de Ar y aire. Se observó un aumento neto de intensidad cuando el porcentaje en Ar 
es en aumento. A partir de una mezcla de 50% de los gases la tendencia obtenida para ambos elementos 
Ca (mayoritario) y Fe (minoritario) fue moderadamente creciente. Además de esto, se alcanza una menor 
desviación estándar y RSD utilizando bajos porcentajes de Ar. A la vista de estos resultados, se decidió que 
la mejor alternativa para una campaña de campo podría ser una mezcla de 50% de los gases porque 
mantiene un compromiso favorable entre costo y la respuesta analítica. 
Por otra parte, los beneficios que reporta Ar sobre la intensidad de emisión también se chequearon 
en materiales arqueológicos con carácter metálico y aleado. De igual forma que en cerámicas, la intensidad 
obtenida usando Ar fue más elevada que con el empleo de aire.  
Tras la optimización de trabajo descrita en este apartado, el equipo AQUALAS 2.0 fue trasladado al 
Centro de Arqueología Subacuática (CAS) de Cádiz con el objetivo de analizar un conjunto de muestras 
pertenecientes a 6 pecios de las costa andaluza que se encontraban sumergidas en tanques desaladores 
en fase de estabilización. En el anexo 2 se puede encontrar los resultados obtenidos. 
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 Identificación y clasificación espectral submarina de los restos de un naufragio situado en 
aguas de San Pedro de Alcántara (bahía de Málaga) 
LIBS en el entorno marino es una tecnología en desarrollo que ofrece ventajas únicas sobre los 
métodos tradicionales. No sólo ofrece la composición de líquidos con alta fiabilidad; sino que también 
proporciona la composición elemental de sólidos con poco o ninguna manipulación del usuario. Debido a 
esta ventaja LIBS se ha utilizado como una herramienta para la inspección de los materiales en arqueología 
subacuática, donde el conocimiento de la composición química puede proporcionar pistas valiosas sobre el 
origen de los materiales en naufragios y edificios sumergidos. Sin embargo, dada la gran diversidad de 
composición, las diferencias de textura y alteración de la superficie del patrimonio cultural sumergido, el uso 
de algoritmos estadísticos avanzados se manifiesta casi de forma esencial para el reconocimiento y 
clasificación de los hallazgos subacuáticos. En este sentido, se intentó dotar el instrumento LIBS AQUALAS 
2.0 con una herramienta de procesado de datos que permita evaluar la inspección del naufragio de una forma 
fácil y rápida. Esta nueva herramienta se diseñó para ordenar las lecturas obtenidas por el sistema LIBS 
cuando se inspeccionan piezas desconocidas que se encuentran en el fondo del mar de tal forma que se 
asigna su composición elemental a uno de los grupos de materiales comunes, previamente descrito, que se 
encuentran en un yacimiento arqueológico sumergido. 
 Diseño y evaluación de un método de clasificación para objetos 
arqueológicos sumergidos basado en el análisis discriminante 
Para el reconocimiento y clasificación de los objetos hallados en el entorno subacuático con el 
instrumento AQUALAS 2.0 se utilizó la herramienta del Análisis Lineal Discriminante (LDA) para generar un 
modelo de algoritmo supervisado. De forma conceptual, con LDA se evalúa los pesos relativos de las 
variables originales descritas para la discriminación de grupo y la puntuación de la separación entre múltiples 
clases. Después, el modelo predice la probabilidad de que una muestra desconocida pertenezca a cada 
clase propuesta en el modelo. 
Para desarrollar el método de clasificación, se estudió primero un conjunto de treinta y ocho objetos 
recogidos de varios naufragios. Para simular las condiciones experimentales de un entorno submarino, las 
muestras se sumergieron y se analizaron en un tanque de agua en nuestro laboratorio utilizando como gas 
de purga argón a 5 bar. Debido a la gran variedad de muestras utilizadas en este estudio, los objetos se 
dividieron en diferentes grupos para el análisis quimiométrico, tales como: aleaciones de bronce (10), piezas 
metálicas (18), cerámica (5) y mármoles (5). Los espectros LIBS fueron adquiridos en el rango espectral de 
350-550 nm, se promedió la respuesta de 50 pulsos láser y se repitió la operación dos veces más en 
posiciones adyacentes en la muestra. Posteriormente, la intensidad promedio se normalizó a la unidad. Sin 
embargo, todo el espectro de LIBS no se consideró como datos de entrada para el modelo sino que se redujo 
de manera significativa a 10 variables espectrales. Se seleccionaron aquellas líneas de emisión 
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características de los grupos de materiales descritos para el método tales como: Cu (I) 510,55 nm, Zn (I) 
481,05 nm, Sn (I) 452,47 nm, Pb (I) 405,78 nm, Fe (I) 438,35 nm, Ca (I) 422,67 nm, Mg (I) 517,26 nm, Si (I) 
390,55 nm, Sr (I) 407,61 nm y Ti (I) 498,17 nm. Las funciones discriminantes obtenidas fueron: 
F1 = 2.7 ICu + 2.4 IZn +22.8 ISn + 0.8 IPb  + 2.7 IFe – 7.2 ICa – 1.2 IMg – 3.8 ISr – 6.0 ISi+Ti + 0.59 
F2 = 1.8 ICu + 3.8 IZn +24.8 ISn - 0.2 IPb  - 0.8 IFe – 2.5 ICa – 1.8 IMg – 1.5 ISr + 9.4 ISi+Ti – 2.0 
Donde Im es la intensidad normalizada de cada línea de emisión. Además en ambos casos se obtuvieron una 
buena correlación canónica 0,98 y 0.91 respectivamente. Así como, los valores de lambda de Wilk de 
tratamiento estadístico (0,0013 y 0,03), sugieren que las variables seleccionadas para el análisis 
discriminante lineal eran apropiadas para la discriminación de la muestra. 
Previo al trabajo de campo, se decidió evaluar el método de clasificación en laboratorio con un set 
de muestras diferentes al de entrenamiento. El conjunto de prueba seleccionado está compuesto por 4 forros 
de barcos. Estas muestras son de un alto interés arqueológico ya que según la composición elemental 
pueden arrojar información sobre la época de construcción del barco y el origen. De hecho, en base a la 
composición elemental y la ayuda del material bibliográfico del personal arqueólogo, se detectó una clara 
evolución de la composición de los revestimientos de barco que podrían estar relacionados con un período 
de la historia o incluso con el país de su fabricación. Respecto al método de clasificación propuesto, fue 
realmente eficaz incluyendo cada muestra en el grupo correcto; tres forros metálicos y una aleación de 
bronce. 
 
 Identificación y clasificación de los objetos del naufragio de San Pedro de 
Alcántara, campaña de campo 
Los restos de un naufragio que yace en aguas de San Pedro de Alcántara, zona de la bahía de 
Málaga, se estudiaron utilizando el analizador remoto AQUALAS 2.0. El protocolo de actuación seguido para 
esta campaña de campo fue el mismo descrito en la primera sección del este bloque resumen. Además, las 
muestras halladas se analizaron utilizando las misma metodología que la descrita para la construcción del 
modelo de clasificación (gas de purga argón a 5 bar, secuencia de 50 pulso realizando tres repeticiones en 
zonas adyacentes y rango espectral de análisis de 350-550 nm). 
Durante las dos jornadas de análisis se hallaron un gran número de objetos arqueológicos los cuales 
fueron clasificados de manera inequívoca en cada uno de los grupos que previamente se habían definido en 
el método. Los objetos se identificaron correctamente como cuatro aleaciones de bronce, ocho fragmentos 
de cerámica, siete piezas metálicas y cuatro mármoles. Entre ellas, los objetos formaban parte del material 
de defensa del barco, tales como cañones y balas para los mismos, así como piezas propias de la 
indumentaria de la tripulación como botones de chaquetas y hebillas de cinturón. En cuanto a los fragmentos 
cerámicos se cree su uso para contenedor de almacenaje tales como vasijas. 
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Tras la satisfactoria evaluación del equipo AQUALAS 2.0 con la nueva herramienta de clasificación 
se logra un paso más hacia delante permitiendo la adquisición de un conjunto coherente de datos del 
espectro que puede ser tratada por un software basado en el análisis lineal discriminante para asignar la 
identidad química del objeto. La información así recopilada proporciona valiosos datos sobre la identidad de 
naufragios localizados en aguas costeras. 
 
 Profundidad máxima de alcance con el sistema AQUALAS 2.0 
Como se indica en la primera sección el equipo AQUALAS 2.0 se configuró para trabajar en dos 
modalidades de excitación, tanto en SP como MP. Con la configuración de MP se logró mejorar el 
rendimiento del instrumento en términos de energía de transmisión a través de la fibra óptica. Sin embargo, 
se entiende que la limitación analítica del instrumento en relación a la profundidad máxima de trabajo estará 
sujeta al porcentaje de transmisión de energía en función de la longitud de la fibra óptica. Por tanto, se quiso 
conocer de forma semi-experimental la profundidad máxima de análisis que se lograría con este sistema 
experimental. Esta estimación fue posible calcularla atendiendo a las especificaciones de la fibra óptica 
utilizada, la transmisión teórica para 1m de fibra para la radiación 1064 nm es del 99.4%. De forma teórica 
es posible esbozar una tendencia de porcentaje de transmisión para una irradiancia máxima umbral de 2.5 
GW/ cm2. Así como de forma experimental pudo calcularse la curva de tendencia de atenuación para los 
valores de transmisión medido experimentalmente a 1, 5, 10 y 55 metros de longitud de la fibra. Por otro 
lado, conociendo la irradiancia umbral de formación del plasma para el objeto de interés, fue posible estimar 
la profundidad máxima a la que puede desarrollarse el análisis de esa muestra resultando de un valor de 260 
m para muestras de origen metálico y de 130 m para aquellas de carácter cerámico o rocoso. Sin embargo, 
debe anotarse que para tal estudio no se tuvo en cuenta la atenuación de la luz de plasma que regresa a 
través de la misma fibra óptica y por tanto en la práctica la distancia antes mencionada se reduciría aún más. 
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Bloque 2: Aproximación de la técnica LIBS para la identificación de materiales sólidos 
sumergidos basado en una configuración de análisis a distancia. 
 
 
Como se ha descrito hasta este punto, el empleo de un equipo remoto basado en el guiado del haz 
láser por fibra óptica, como es el prototipo propuesto por la Universidad de Málaga, es una alternativa 
novedosa y eficaz para resolver el problema analítico de determinación de objetos arqueológicos sumergidos 
sin extraerlos de su entorno. Sin embargo, la profundidad máxima que se podría alcanzar para llevar a cabo 
el análisis está limitada a la energía láser de entrada a la fibra óptica y al porcentaje de la transmisión de la 
luz. No obstante, LIBS no tiene límites en el horizonte y gracias a los continuos avances en la reducción del 
tamaño y peso de los componentes; junto con el aumento de la capacidad tecnológica de láser, 
espectrógrafos y detectores permite desarrollar vehículos operados a distancia que integran el sistema LIBS 
sumergible con acceso a distancia a la muestra a través del agua (standoff). Esta alternativa es muy 
prometedora desde el punto de vista de la investigación del océano a alta profundidad aunque presenta una 
alta complejidad en el diseño y manejo del equipo y hasta la investigación adicional requerida. En este 
sentido, la validación previa en laboratorio de LIBS como técnica viable para la detección química de objetos 
arqueológicos sumergidos sometidos a altas presión se hace primordial. Esto es así debido a la importante 
cantidad de tiempo necesario para el desarrollo de estos nuevos sensores capaces de trabajar en el contexto 
oceánico. 
Es importante mencionar que bajo las condiciones de trabajo de una configuración de análisis a 
distancia el haz láser interacciona con la muestra a través de una interfase líquida. Este tipo de análisis LIBS 
a 1 bar de presión ha sido estudiado ampliamente y se conoce que los principales mecanismos responsables 
de la formación de plasma son los mismos que ocurren durante la ablación en gas. Brevemente se indica 
que la secuencia del proceso se inicia con la ablación del material por el láser y la siguiente formación del 
plasma inducido por el mismo. Debido a su rápida expansión se genera una onda de choque (SW). Si debe 
tenerse en cuenta que las diferencias entre la formación de plasma en un entorno gaseoso y dentro de un 
líquido están relacionadas con el confinamiento del plasma y la producción del efecto de cavitación. Éste 
último es debido a que el plasma inducido por láser con una alta temperatura transfiere una cantidad 
significativa de su energía interna al líquido circundante, por lo tanto una capa de vapor se produce en todo 
el volumen de plasma. La capa de vapor se convierte en una burbuja de cavitación que se expande y colapsa 
en una escala de tiempo del orden de cientos de microsegundos. Por consiguiente, debido al confinamiento 
del plasma por el medio líquido casi incompresible y a la rápida transferencia de su energía al líquido 
circundante hacen que los plasmas en líquido sean más pequeños que los generados en gas. Como 
consecuencia, su vida útil es significativamente más corta. En cuanto a la capacidad analítica LIBS en agua 
está limitada a esta fuerte interacción entre el plasma y el líquido circundante que hace que la respuesta del 
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espectro de emisión aparezca dominada por la radiación del continuo. Sin embargo la configuración de 
excitación con doble pulso se presenta como una alternativa para mejorar la intensidad de emisión. 
Brevemente, en este caso, el primer pulso láser produce la burbuja de cavitación mientras que el segundo 
pulso ablaciona la muestra y re-excita el plasma dentro de la burbuja logrando una mayor emisión del plasma. 
En base a estos conocimientos, en este bloque de investigación se pretendió evaluar la viabilidad 
de LIBS para un análisis en agua a distancia utilizando una configuración de excitación de doble pulso donde 
se persiguió alcanzar una profundidad de análisis superior a los 50 m. En este caso, la presión hidrostática 
del medio inducida por la profundidad jugará un papel importante en la formación del plasma, en la 
generación de la burbuja de cavitación y consecuentemente en la respuesta LIBS. Todo ello junto con la 
evaluación de distintos parámetros operacionales como la longitud de onda del láser, la energía de los pulsos, 
la configuración de colección, entre otros, fue evaluado y se detallará en los apartados siguientes. Aunque 
previamente para desarrollar esta investigación fue necesario simular las condiciones reales de análisis en 
el contexto de aguas profundas. Con este propósito, en primera instancia se diseñó y construyó una cámara 
para inducir presiones elevadas hasta el orden de 400 bares. 
 
 Diseño y construcción de una cámara de simulación de altas presiones 
Para evaluar en laboratorio el potencial de LIBS en el entorno de profundidad oceánica se diseñó y 
construyó una cámara de simulación de altas presiones. Para su construcción el material seleccionado fue 
el acero inoxidable. Este material fue elegido para evitar el deterioro por el agua y por su excelente resistencia 
a la presión y el desgaste. Sus dimensiones son 130 x 135x 115 mm y tiene una capacidad de 80 ml. El 
prototipo, es de forma cilíndrica y se compone de siete puertos: cinco laterales, uno superior y otro situado 
en parte posterior de la cámara. El número de accesos diseñados fue elegido con el fin de aumentar la 
versatilidad para el sistema de configuración de excitación y colección, así como para proporcionar un acceso 
visual amplio del interior de la cámara. A continuación se describe brevemente los componentes y la función 
de los distintos puertos de acceso. 
 Puertos laterales 
Cuatro de los cinco puertos laterales se destinaron a la función de enfoque del haz láser sobre la 
muestra y a la colección de la señal LIBS así como a la visualización del interior de la cámara. El sellado y 
la estanqueidad del agua en estos 4 puertos se resolvió con un sistema formado por una junta tórica - ventana 
de zafiro - junta tórica, todo ello ajustado con una pieza cilíndrica de cierre con 6 tornillos. Además se debe 
indicar que esta última pieza cilíndrica está perforada en la parte central para permitir el acceso óptico a 
través de la ventana de zafiro. 
El restante puerto lateral se diseñó como acceso de entrada del agua a la cámara. Éste es 
conectado a través de una canalización de acero inoxidable a una bomba que se encarga de suministrar el 
agua hacia el interior de la cámara. En este caso el sistema de cierre del puerto está constituido por una 
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junta tórica y un cilindro de apriete. La perforación central de la pieza cilíndrica fue torneada para conectar 
con una unión de conector 1/4” BSP con una tuerca hexagonal con la canalización metálica. 
 Puerto trasero 
La salida del agua de la cámara se lleva a cabo por el puerto trasero de ésta. Este puerto tiene dos 
funciones principales. En primer lugar la función de seguridad, desde el que se controla el exceso de presión 
dentro de la cámara por una limitadora de presión conectada en la salida del puerto. En segundo lugar, junto 
con la entrada de agua, permite la circulación del agua que hace más fácil la eliminación de las partículas 
generadas después de la ablación con el láser. 
 Puerto superior 
Este se utiliza como sistema de porta-muestra. En el cilindro de cierre de la cámara, en la parte 
interna, se ajusta una pieza de acero inoxidable torneada cuya función es posicionar la muestra en su interior. 
Además esta pieza está ajustada en un sistema de guía que permite desplazarse en la posición axial en un 
rango de 20 mm, esto es una gran ventaja para ajustar la posición focal. El sellado y estanqueidad en este 
puerto se consigue de nuevo utilizando una junta y un cilindro de cierre. 
 
Una vez diseñada y construida la cámara, algunos parámetros relacionados con el control y manejo 
de la misma fueron evaluados. Un factor clave que influye en las mediciones es la atenuación de la luz a 
través del medio de propagación, en nuestro caso, el agua y las ventanas de zafiro. Por otra parte, hay que 
señalar que la distancia focal de una lente en agua se hace más largo que en el aire, debido al mayor índice 
de refracción de éste último. Por lo tanto, fue necesaria una evaluación previa de las condiciones de enfoque 
para resolver el factor geométrico. Para llevar a cabo estos experimentos se construyó un recipiente de 
metacrilato; sus dimensiones son de 160 mm de largo, 180 mm de ancho y 110 mm de altura. 
Como se indica, debido a la absorción del agua, sólo una fracción de la energía incidente llega a la 
superficie de la muestra. Aunque, bajo nuestras condiciones experimentales y con una longitud de onda de 
532 nm, solamente una atenuación de un 2% se midió en un camino óptico de agua de 14 cm. Sin embargo; 
si se consideran las componentes ópticas, la atenuación alcanza un valor del 30%. La radiación 532 nm en 
promedio resultó de una atenuación de 2,14% por centímetro de camino óptico (considerando los 
componentes ópticos y la ruta bajo el agua), o en otras palabras, -0.11 dB cm-1. Además, con el objetivo de 
seleccionar la longitud de onda que menor atenuación produzca, este experimento se llevó a cabo con la 
radiación láser a 1064 nm. Si ambos resultados se comparan, a 532 nm el valor de atenuación es 
relativamente bajo en contraste con la correspondiente a 1064 nm, que fue de -0.66 dB cm-1. Bajo estas 
circunstancias se decidió trabajar a 532 nm en futuros experimentos. 
El cambio que se produce de la distancia focal en agua también se consideró ya que ésta se hace 
mayor debido a un cambio en el índice de refracción del medio y en consecuencia se requiere un ajuste 
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cuidadoso de las condiciones de foco del haz láser en función de la trayectoria interior de la cámara. Se 
evaluó un set de lente con una distancia focal nominal en aire comprendida entre 30 y 150 mm. Como era 
de esperar en agua aumentó las respectivas distancias de enfoque. Tras este estudio y considerando la 
trayectoria óptica en el interior de la cámara (distancia entre la ventana de zafiro hasta la posición central 
donde se posiciona el porta-muestra, 95 mm), se decidió utilizar una lente plano convexa con una distancia 
focal teoria de 75 mm.  
Por último, debe indicarse que la cámara de propio diseño se sometió a un test de certificación por 
personal cualificado resultando apta para trabajar hasta una presión máxima de 400 bar de presión. Este 
certificado puede comprobarse dirigiéndose al anexo 1. 
 
 Efecto de la presión hidrostática del medio: 
El trabajo presentado en esta sección, es el resultado de una estancia de investigación pre-doctoral 
llevada a cabo en el laboratorio del Consiglio Nazionalle del Ricerche-Istituto di Nanotecnologia (CNR-
NANOTEC) y de la Università degli studi di Bari Aldo Moro (UNIBA) Italia; bajo la supervisión del Prof. 
Alessandro De Giacomo. 
 En el proceso de ablación y las características físicas de la pluma del 
plasma. 
Con el fin de evaluar el efecto de la presión hidrostática del agua sobre las características físicas 
del plasma generado por un pulso láser de 270 mJ sobre una muestra de aluminio, se tomaron imágenes 
usando la técnica de shadowgrafía en diferentes momentos de la irradiación con láser. Las imágenes fueron 
adquiridas en los primeros microsegundos después del pulso láser realizándose el experimento bajo tres 
condiciones de presión diferentes 30, 90 y 120 bar. Las imágenes mostraron claramente un efecto de 
confinamiento en el plasma debido a la presión de líquido. Sin embargo, se observó un menor confinamiento 
en el plasma en el caso de 120 bar, si es comparado con el producido a 90 bar. Este hecho pudo atribuirse, 
como consecuencia del empuje del plasma en expansión, a que el líquido circundante puede estar en 
condiciones supercríticas. En esta condición, el agua se caracteriza por tener una menor viscosidad y baja 
tensión superficial. Por esta razón parece menos confinado el plasma a 120 bar. 
Por otro lado, aunque se observó que la presión externa afecta notablemente a la dinámica del 
plasma inducido por láser, el proceso de ablación no se espera que sea dependiente de ésta. Esto es así, 
ya que la presión inicial del plasma es del orden de los Mbar y en consecuencia en el rango de presión en el 
que se realizó este experimento cabría esperar que fuese despreciable el efecto de la presión externa. 
Además, se observó que la SW (que es causada por la rápida expansión del material ablacionado con láser 
dentro de una geometría confinada) presentó una velocidad de expansión y una forma geométrica similar en 
todo el rango de presión estudiada, confirman que el empuje inicial debido al desglose es casi el mismo en 
todas las presiones externas investigadas. 
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 En la expansión de la burbuja de cavitación. 
Como se comentó al inicio, el plasma inducido por láser libera energía al líquido circundante y 
genera una fina capa de vapor en la frontera del plasma que se convierte en una burbuja de cavitación. Se 
estudió, con fines comparativos, las dimensiones y la forma de la burbuja de vapor que se forma después 
del primer pulso láser usando diferentes valores de presión hidrostática del medio con la misma configuración 
experimental. Se utilizó la técnica de shadowgrafía adquiriendo imágenes a diferentes tiempos de retardo. 
En primer lugar el estudio se realizó a presión de 1bar observándose que la evolución temporal del tamaño 
de la burbuja se caracteriza por una etapa de expansión, un máximo y una etapa de compresión. Se obtuvo 
el tamaño máximo de la burbuja a 250 µs donde presentó una geometría de hemisferio. A partir de este 
punto, ya que la máxima presión de expansión dentro de la burbuja es menor que la externa, la burbuja 
empieza a reducirse. Como consecuencia, el tamaño de la burbuja va disminuyendo hasta 950 µs.  
A continuación, se fue aumentando la presión hidrostática del medio y se estudió la evolución 
temporal de la burbuja de cavitación como función de la presión externa (30, 90 y 120 bar). Los resultados 
de las imágenes de shadowgrafía mostraron que el tamaño de la burbuja observada en un tiempo de retardo 
más largo fue significativamente más pequeño al aumentar la presión del agua. Además se detectó que en 
la fase inicial, la velocidad de expansión de ésta fue similar al menos a 30 y 90 bar donde se pudo vislumbrar 
perfectamente la burbuja. Esto indicó que en la primera fase de expansión el efecto de la presión hidrostática 
fue insignificante. A partir de este punto, la evolución del proceso de expansión dinámica divergió para las 
diferentes presiones. La expansión máxima de la burbuja se produjo a los 15, 10 y 7 µs para 30, 90 y 120 
bar, respectivamente. Así como el colapso a los 28, 17 y 9 µs. En este sentido, se detectó que un aumento 
de la presión hidrostática influye en la expansión y enfriamiento de la burbuja de vapor, que conduce a una 
disminución del tamaño de la burbuja y la vida útil. Respecto a la forma de la burbuja, esta tendió a 
distorsionarse en la dirección x e y asumiendo una forma elipsoidal.  
Por otra parte, se observó una burbuja secundaria justo después del colapso como consecuencia 
al rápido aumento de la temperatura y la presión interna de la burbuja. La forma de esta segunda burbuja de 
cavitación cambió nuevamente, ya que ahora está constituida tanto por el vapor de agua como por parte de 
las nanopartículas producidas por la ablación láser expulsadas en líquido. Además, con el aumento de la 
presión del medio la velocidad de colapso también aumentó conduciendo a una re-expansión de la burbuja 
más pronunciada y se observó un desplazamiento de la burbuja con respecto a la posición de la muestra. 
 
 En el doble pulso en LIBS. 
En base a esta descripción general, para la optimización del retraso entre pulso en una configuración 
de excitación de DP en agua debían esperarse mejores resultados para un retraso en el cual la burbuja 
inducida por el primer pulso esté en su fase de máxima expansión donde la condiciones de presión serán 
más favorables. Además, como fue observado y contrastado en bibliografía, como consecuencia de la 
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formación de nanopartículas (NP) con el primer pulso, durante el comienzo de la expansión de la burbuja y 
en la fase de colapso (momento en el cual las NPs se concentran en frente de la muestra), una parte 
consistente del segundo pulso láser interactúa con este material generando un plasma secundario. Este 
plasma se produce a una cierta distancia de la muestra y previene parcialmente la ablación de la misma por 
el segundo pulso. Por el contrario en el máximo de expansión de la burbuja, siendo el volumen de la burbuja 
más grande, la concentración de NPs alcanzará su mínimo produciéndose en menor medida este efecto. Por 
tanto, especialmente durante DP-LIBS a alta presión, cuando el volumen de la burbuja es menor, el efecto 
apantallante de las partículas producidas por el primer pulso debe ser considerado con precaución en la 
optimización de la señal LIBS. 
La evaluación de retraso entre pulsos óptimo para diferentes valores de presión hidrostática del 
medio (30, 90 y 120 bar) se llevó a cabo utilizando una energía de 150 mJ y 270 mJ para el primer y segundo 
pulso, respectivamente. El área del pico de emisión a 396.15 nm en una muestra de aluminio se evaluó en 
función del retardo entre pulso en un rango comprendido entre 5 y 40 µs. La tendencia de esta área de la 
línea de emisión a su vez se comparó con la dinámica de la burbuja de cavitación en el mismo rango temporal. 
Los resultados indicaron que la intensidad máxima de emisión en cada caso se alcanzó para el retardo entre 
pulso que correspondían con la máxima expansión de la burbuja de cavitación. Sin embargo, a medida que 
aumentó la presión del medio la intensidad de emisión también se vio disminuida.  
Por otro lado a la vista de los espectros resultantes es interesante mencionar que, en el rango 
espectral estudiado (350-420 nm), mientras las líneas de emisión atómica aparecen absorbidas en el 
continuo, las líneas iónicas mostraron un carácter típico a los espectros de emisión óptica. Estos resultados 
pudieron ser debidos a dos razones: I) el predominio del continuo en los espectros puede atribuirse al efecto 
de alta densidad de Debye Hückel debido al alto valor de la densidad del número de electrones en la etapa 
inicial de la expansión del plasma. En esta condición la recombinación radiactiva es la principal fuente de 
radiación en el plasma y en el caso específico del medio líquido de alta presión, como consecuencia del 
fuerte efecto de confinamiento, este fenómeno puede ser muy marcado. Sin embargo este efecto sobre la 
limitación de nivel depende de la energía de ionización de las especies. En el caso de los iones, ya que 
tienen mucha mayor energía de ionización que los átomos, se pueden ver menos afectadas por los efectos 
de alta densidad. II) es razonable suponer que, como consecuencia de la disminución de la densidad del 
número de electrones a lo largo de los ejes de propagación, en la región externa del plasma la limitación de 
Debye-Hückel en los niveles electrónicos no se produce, sin embargo se podría observar una autoabsorción 
en el continuo de emisión en esta zona periférica. Esto es causado por una transferencia rápida de energía 
térmica desde el plasma al medio ambiente circundante que hace que la zona periférica se enfríe antes que 
el interior del plasma. En esta situación se puede producir una absorción de la radiación emitida del núcleo 
del plasma por las especies de la periferia. Estas observaciones podrían sugerir que los iones de emisión 
provienen de la parte interna del plasma y por ello no presenta esa absorción en la radiación de continuo 
mientras que las transiciones atómicas aparecen como picos absorbidos en el continuo. Por otro lado, se 
observó que la cantidad de información espectral disminuye al aumentar la presión de trabajo. De hecho, a 
Spanish Summary 
19 
 
altas presiones la burbuja es incapaz de alcanzar la presión de saturación porque la alta presión externa 
hace que el vapor dentro de la burbuja de cavitación se condense. Esta consideración sugiere que el plasma 
es cada vez más confinado a medida que aumenta la presión del líquido y, en consecuencia, que la principal 
contribución a los espectros es la radiación continuo. Los efectos de recombinación y alta densidad se 
vuelven tan severos con una presión creciente que a 120 bar incluso los picos iónicos desaparecen del 
espectro. 
 
 Evaluación del efecto de la presión hidrostática del medio sobre parámetros operacionales 
en el análisis LIBS bajo agua 
En esta sección experimental se utilizó una lámina de hierro como muestra de análisis. Se 
establecieron las condiciones óptimas de retraso de adquisición (300 ns), la ventana de adquisición de datos 
(8 µs) así como el retraso entre pulsos (125 µs y 11 µs; a 1 bar y 25 bar respectivamente). 
 Energía de los pulsos láser 
El efecto de la energía de ambos pulsos láser se evaluó con el objetivo de obtener la mayor 
intensidad de emisión en el caso de una muestra de hierro sumergida en agua. El experimento se realizó a 
1 bar de presión con la intención de simplificar el estudio. En primer lugar la intensidad de emisión de Fe (I) 
a 330.57 nm se midió variando la energía del primer pulso láser (E1) en un rango comprendido entre 36 y 
160 mJ manteniendo constante la energía del segundo pulso láser (E2) a 215 mJ. Los resultados mostraron 
que la evolución de la relación señal fondo (SBR) en función del retraso entre pulso, en rango comprendido 
0 y 500 µs, fue dependiente de la energía del primer pulso. Se obtuvo una mayor SBR en aquellos casos 
donde la E1 fue mayor. Además se detectó que cuando la mayor E1 se aplica, el intervalo de valores de 
retraso entre pulsos donde se observan un mayor valor de SBR es más amplio. Estos resultados pueden ser 
debidos a que un primer plasma más energético se induce a un mayor valor de E1 así como se induciría una 
burbuja de cavitación con un tiempo de vida más larga en la cual la expansión máxima de la burbuja se 
mantiene más tiempo. 
Por otro lado, la intensidad de emisión de Fe (I) a 330.57 nm se midió variando E2 en un rango 
comprendido entre 7 y 215 mJ manteniendo constante la energía de E1 a 60 mJ. En este caso, un incremento 
en la intensidad de emisión se observó hasta alcanzar un valor de E2 de 50 mJ. Por encima de éste se 
disminuye gradualmente la intensidad de Fe. Este hecho, fue asociado a un efecto de apantallamiento del 
propio plasma. 
Tras los resultados expuestos se pudo concluir que la mejor condición de energía para la 
configuración de impulsos duales está sometida a dos aspectos: I) la necesidad de utilizar un retardo entre 
pulsos más largo, en cuyo caso E1 debe ser la máxima energía posible. II) el efecto de apantallamiento del 
plasma, E2 debe ser superior a un cierto valor umbral energético mínimo (nuestro experimento E2 7 mJ a 1 
bar) para observar la mejora del DP pero sin rebasar el valor umbral óptimo, en nuestro caso 50 mJ. 
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 Configuración de colección 
En esta sección se estudió la configuración de colección en la cual la señal de emisión de Fe (I) a 
330.57 nm recogida es más intensa. Se seleccionaron tres configuraciones de trabajo: coaxial a la trayectoria 
de excitación, ortogonal y a 45º. Los resultados indicaron que la mayor intensidad colectada fue con una 
configuración en coaxial. Este hecho pudo ser debido a que una sección menor de la luz de emisión del 
plasma se recoge a 45º y 90º; sin embargo, la totalidad del plasma se enfoca en la fibra óptica usando una 
configuración de colección en coaxial, 
Este experimento se realizó también aumentando la E2 a 215 mJ. En este caso la configuración de 
colección a 45º fue con la que se obtuvo el mayor valor de intensidad de emisión, aunque no consiguió 
igualar la intensidad alcanzada en la configuración coaxial a menos E2. Estos resultados pudieron ser debidos 
al efecto de apantallamiento del plasma siendo más acusado para la colección en coaxial.  
Pudo concluirse que la mejor señal de LIBS se alcanza utilizando un bajo valor energético para E2 
y una configuración colección coaxial. 
 Influencia de la temperatura del agua sobre la señal LIBS 
La influencia de la temperatura del agua sobre la intensidad de emisión en los espectros LIBS se 
evaluó en el rango comprendido entre 5 a 30 ºC. Se observó una disminución de la intensidad registrada con 
el descenso de la temperatura. Este resultado pudo ser atribuido al hecho de que las características del 
plasma generado con una configuración de DP-LIBS son fuertemente dependientes de la evolución de las 
burbujas de cavitación inducida por el primer pulso. De hecho, es plausible que las variaciones en las 
propiedades del agua afectarán a la dinámica de cavitación y expansión de burbujas y, en consecuencia, a 
la emisión de señal. Con el descenso de la temperatura la densidad y viscosidad del agua aumenta y por 
tanto esto pudo inducir una ralentización en la expansión de la burbuja y aumento en el tiempo necesario 
para alcanzar su radio máximo. Por tanto, a un retardo entre pulsos fijo el segundo impulso no interactúa con 
el sólido en la expansión máxima de la burbuja por lo que la mejora de la señal debida a DP-LIBS pudo ser 
menos efectiva. Por otro lado, esta disminución en la intensidad observada pudo ser atribuida en cierta 
medida también al costo energético invertido para calentar la muestra siendo más acusado con el descenso 
de la temperatura del agua. A pesar del decrecimiento en intensidad, los resultados obtenidos a 25 bar son 
bastante prometedores y sugieren la posibilidad de análisis de LIBS al menos a 250 metros de profundidad 
ya que a esta presión la temperatura del agua es de alrededor de 20 ºC. 
 Influencia de la alta presión en la señal LIBS. Efecto matriz. 
El objetivo que se persiguió en esta sección experimental fue evaluar la influencia de la presión 
hidrostática del medio sobre el comportamiento de las diferentes especies que constituyen el plasma. Para 
ello se seleccionaron dos muestras de bronces las cuales fueron sometidas a una presión comprendida entre 
1 a 60 bar. En ambos bronces las líneas de emisión utilizadas fueron Cu (521.82 nm), Pb (405.78 nm) y Zn 
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(481.05 nm). Tras la adquisición de los espectros se pudieron hacer varias observaciones. En primer lugar 
un ensanchamiento en las líneas de emisión se detectó a medida que la presión del medio incrementaba. 
Este hecho pudo ser una consecuencia del efecto de confinamiento del plasma y las colisiones que se 
producen en el volumen confinado cerca de la muestra. Por otro lado, se estudió el retraso entre pulsos 
óptimo donde la intensidad de emisión es máxima para los distintos valores de presión. Se observó que para 
las distintas especies del plasma las condiciones de retraso entre pulso eran las misma. Sin embargo, es 
importante señalar que a medida que se aumentó la presión del medio la intensidad de emisión de Zn y Pb 
fue aumentando con respecto al Cu. Este comportamiento fue atribuido a una ablación preferencial (efecto 
matriz) de la muestra debida a un posible efecto apantallante del plasma quedando éste enriquecido en 
aquellas especies más volátiles. Con el incremento de la presión del medio, la densidad de electrones 
aumenta con el confinamiento del plasma y en consecuencia el efecto apantallante es más acusado. Bajo 
estas circunstancias, la energía del láser que llega a la muestra es atenuada observándose un plasma de 
menor temperatura. Este hecho indica que el plasma es menos estequiométrico favoreciéndose por tanto 
una ablación preferencial en las especies más volátiles tales como el Pb y el Zn. 
 
Los resultados obtenidos en este segundo bloque de tesis en el que se realizó una evaluación 
preliminar sobre la operatividad de la técnica LIBS para realizar análisis a distancia en muestras sólidas 
sumergidas en agua fueron bastante prometedores. Estos sugieren la posibilidad de integrar la técnica en 
un vehículo operado remotamente (ROV) abriendo una puerta en la investigación del patrimonio cultural 
sumergido a altas profundidades. Sin embargo, en esta Tesis doctoral solo se aporta un pequeño grano de 
arena, aún queda una gran labor de investigación futura en esta área de aplicación de LIBS. El potencial de 
la técnica podría continuar evaluándose con otras posibles configuraciones de excitación como por ejemplo 
en el uso de multipulsos; o incluso estudiar la posibilidad de aumentar la distancia de análisis entre la muestra 
y el sistema LIBS, a la ya presentada en esta tesis.  
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Nowadays, the characterisation of underwater cultural heritage has become one of the most 
interesting areas of archaeology. The Mediterranean Sea is rich in archaeological wrecks due to storms, 
accidents and naval battles since prehistoric times. Only in the south of Spain, several hundreds of 
underwater archaeological sites are localized and distributed along the Andalusian coast. The historical and 
cultural values and the significant economic impact of these findings make the existence of control 
mechanisms necessary to assist in the preservation of the cultural heritage. 
Chemical information extracted from raw materials used in ancient times and the technology 
employed in the production of archeological objects turns fundamental for a better understanding of historic 
events. Underwater sites are dynamic and susceptible to change due to marine environment in such a way 
that artefacts and structures may be uncovered beneath sediments, chemically altered or even destroyed 
under the severe conditions of the seabed. Discovery of pieces such as amphoras and cannons in their 
archeological context could indicate the age and nationality of the shipwreck. Nevertheless, sometimes 
extracting the archeological material from the marine environment is not practical due to the size of the 
sample, or is not permitted by the legislation or preservation practices. In fact, the United Nations 
Educational, Scientific and Cultural Organization (UNESCO) in article 2 point 5 of the Convention for the 
protection of underwater cultural heritage considers the in-situ conservation of Cultural Heritage as "the first 
option before allowing or engaging in any activities directed at this heritage”. In these cases, the in-situ 
analysis (in the same place where the archaeological materials were discovered) turns into the only 
alternative to obtain the chemical composition information of the submerged archaeological object.  
Nowadays, laser-induced breakdown spectroscopy (LIBS) provides a new solution for this problem 
since it combines many of the required features for this application including multi-elemental information, no 
sample preparation, unlimited range of material capability and real time analysis. In fact, for oceanography, 
it could be possible to use several alternatives/configurations: i) a remote-LIBS instrument based on the 
transmission of laser radiation using an optical fiber cable; and ii) a standoff-LIBS instrument that involves 
the delivery of a focused laser pulse toward the distant target through the aqueous media and then the 
transmission of the light emitted by the laser-induced plasma back to the detection system. Both 
alternatives are highly challenging and will be described in detail along this Doctoral Thesis. According to 
this, the present memory is divided in two main parts: Part I (Chapters 4-6) that focuses on the alternative of 
a remote-LIBS system capable of perform LIBS analysis in real archaeological sites up to 50 meters depth; 
and Part II (Chapters 7-8) that evaluates (in laboratory) the feasibility of a standoff instrument for LIBS 
analysis in the deep ocean, paying special attention to the influence of the oceanic pressure on signal 
emission. 
The overall objectives for this Doctoral Thesis are the following: 
 To expand the application range of LIBS to the inspection, identification and diagnosis of pieces 
located in underwater archaeological sites.  
 To increase knowledge of underwater LIBS measurement. 
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Part I. A remote LIBS instrument based on a fiber optic cable to deliver the laser beam energy will 
be developed and adapted to the marine environment. This approach gives the possibility of a LIBS 
analysis in situations where the sample of interest is not directly accessible. In fact, in a range of 50 m deep 
we could cover most of the underwater archeological sites of practical interest. The specific objectives for 
this Part of the Doctoral Thesis are: 
 To evaluate the stability and robustness, as well as the adaptation to marine environment of a
remote LIBS instrument based on the transmission of laser radiation through an optical fiber cable.
 To optimize the operational conditions required to obtain, in extreme conditions, useful analytical
data to identify and preserve the submerged culture heritage.
 To design, build and evaluate a discriminating method that allows the sorting of the most common
objects that may be find in a shipwreck.
 Subsea spectral identification of shipwreck objects using the remote LIBS instrument.
Part II. For an underwater application, a LIBS sensor capable of performing real time analysis at a 
distance from the sample of interest would be a significant advancement over current oceanographic 
technology. The main objective of this Part is to evaluate the feasibility to design, in a space of reduced 
dimensions, a standoff LIBS (ST-LIBS) system to analyze the samples of interest at different depths. 
The specific objectives in this Part are: 
 To design and build a high-pressure chamber that allows to simulate in laboratory the deep ocean
conditions.
 To explore the effect of hydrostatic pressure on fundamental aspect for plasma formation and
phenomena post-plasma formation on submerged solid samples.
 To evaluate the double pulse LIBS configuration as a possibility for the analysis of submerged
solid samples.
 To study the effect of hydrostatic pressure on LIBS signal.
 To check and optimize the operational parameters such as wavelength, energy pulses and
collection geometry using DP-LIBS on submerged solid samples.
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1. What is underwater archaeology? 
Historically, the first attempts of adaptation to the underwater medium can be traced to around 
3.500 years ago. Interest in this medium arises in parallel to the eagerness to recover valuable objects, ship 
repairs, submarine warfare or fishing and gathering. 
Etymologically, archaeology comes from the Greek “archayus” and “logo”, treatise or science of 
antiquity. Within historic and cultural heritage, which refers to the remains and relics of humanity’s past, 
archaeological heritage is defined, in short, as the material cultural elements of past eras of human beings, 
the study of which will allow us to know the distant past. Currently, its specific character as a historical 
science is categorised as part of history, a humanistic science par excellence with the same standing as 
physics or chemistry enjoy in the field of natural sciences [1]. 
Scientifically and in terms of methodology there is no difference between land and underwater, 
submarine, maritime or nautical archaeology… however the study objective of each of these “branches” will 
differ with regard to the origin of archaeological structures or materials: underwater (saltwater and 
freshwater), submarine (only saltwater), nautical (man-made instruments and boats, whatever their origin) 
or maritime (which includes all related cultural samples, from ethnographic traditions, artistic 
representations, architecture, etc.). Water as a physical medium will chemically and biologically affect 
different archaeological objects in different ways to how they are affected on land, affecting both their 
development over the centuries and their recovery and future conservation. And, of course, it involves 
adaptation to a different medium for the archaeologist, who will require specific means and techniques to 
access and work in the water. 
 
2. Importance of underwater cultural heritage 
Nowadays, the characterisation of underwater cultural heritage has become one of the most 
interesting areas of archaeology. The reason for this is the sheer quantity of historical information contained 
in archaeological remains that have sunk to the depths of seas and oceans where most of these sites are 
found, as well as in other locations such as rivers, lakes and swamps. Archaeologists hope not only to find 
the remains of sunk ships (shipwrecks), but can also find remains of other civilisations (buildings, utensils, 
ceramics, etc.) that have been covered by water as the years have passed. 
Each archaeological site is an open door to the past. Their location, in combination with the 
documentary records of the time and their identification, will allow us to know, for example, what occurred 
with some of these vessels that had been reported missing while transporting valuable cargos or during 
battle. In addition to their historic and cultural value, we must also add the economic impact of these sites, 
both due to their tourist interest and because they are often valuable pieces for collectors on account of 
their age. The latter aspect is what makes them a continual target for treasure looters. The most accessible 
sites are usually looted by scuba divers who are unaware of the damage they are causing. However, of 
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more concern is the activity of treasure hunting organisations, which often have sophisticated technology to 
locate and plunder these underwater sites. 
Land archaeological assets enjoy an extraordinarily effective legal protection system, being 
considered “public domain assets”, and therefore are not subject to trade or private appropriation and by 
obligation are destined for public use. Underwater archaeological assets, on the other hand, have taken 
much longer to be protected in this way. They have traditionally been considered “hidden treasures” and 
they were governed by the rule of possession (they belonged to the people who found them). Fortunately, 
with the UNESCO Convention [2] on underwater heritage, which came into force in 2009, the vision was 
achieved of this heritage as assets of general interest to societies, States, Nations and the whole of 
Humanity. It sets out principles such as the prohibition of the commercial exploitation of underwater heritage 
and particularly the preference for “in situ” conservation of these types of archaeological remains. 
In this context, we should mention the well-known case of the American company Odyssey Marine 
Exploration. In May 2007, the company announced the discovery of a shipwreck loaded with gold and silver 
coins, which was later discovered to be the Spanish warship Nuestra Señora de las Mercedes. It was sunk 
by a cannon shot from English ships near the coasts of the Algarve in Portugal at the Battle of Cape of St. 
Mary, on 5 October 1804. The American company brought the treasure to the surface in an act riddled with 
malicious attempts to avoid showing that it was from the Spanish frigate. As known, after intense months of 
legal conflicts, the authorities ruled in favour of Spain, making the company Odyssey return the loot and pay 
1 million dollars to the Spanish State for legal costs. The coins, of little financial value but great 
archaeological importance, were returned to Spain on 25 February 2012. The great repercussion of this 
case at the national level was a turning point in the social awareness of the protection of underwater 
heritage, droving forward measures for the conservation, restoration and dissemination of these assets. 
This important work, supported by the Spanish ministry of culture, as well as guaranteeing compliance with 
the agreements of the UNESCO Convention and the National Plan for the Protection of Underwater 
Archaeological Heritage, is carried out by the following institutions [3] (see Figure 1):  
 Centro de Arqueología Subacuática de Cádiz (CAS) 
 Museo Nacional de Arqueología Subacuática (ARQUA) 
 Centre d’Arqueologia Subaquàtica de la Comunitat Valenciana (CASCV) 
 Centre d’Arqueologia Subaquàtica de Catalunya (CASC)  
 The Group of Research Excellence URBS. CONAI+D 
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Figure 1. Spanish institutions responsible for the protection of underwater cultural heritage. 
 
The work of these institutions is enabling the registration of hundreds of shipwrecks, which are 
objects of study framed against a rich historic diversity extending chronologically from the Neolithic 
settlement of La Draga, dated at 5200 BC, submerged in the Lake of Banyoles (Girona), to 19th century 
vessels such as the Isabella, an English brig shipwrecked due to a storm in 1855 at Benalmádena beach 
(Málaga) while it was transporting a shipment of marble sculptures from Genoa to India. There are also 
Phoenician ships such as those found at the beaches of Mazarrón and Bajo de la Campana (Murcia) [4], 
Greek ships located at Cala Sant Vicenç (Pollença, Mallorca) [5], and various Roman shipwrecks such as 
Culip IV and VIII (Girona) [6] or the Bon Ferrer shipwreck at La Vila Joiosa beach (Valencia) [7]. We must 
also remember the medieval ship Culip VI, among others. 
This historic imprint on the Spanish coast is merely due to its outstanding geographic location as a 
passageway for innumerable commercial and military routes. Ancient and modern-day commercial and 
navigation routes have been determined by natural currents and winds that allow the use of sails, which 
encouraged visits to these coasts, particularly the areas of Levante and Andalucía, by the Greeks and 
Phoenicians from the 7th century BC. Later came the Carthaginians (from modern-day Tunisia), who would 
establish their capital in Quart-Hadast (Cartagena), conquered in 209 BC by the Roman Republic. During 
the 6th century AD, Spain’s coasts were the protagonist in the entry of the Byzantine Empire, which again 
used the city of Cartagena as the capital of its empire. Another invasion, by the Muslims through northern 
Africa from the start of the 8th century AD until the 13th century, would lead Spain’s history to the 
Reconquista (reconquest) of these territories by the Christian Kingdoms of Castilla and Aragón, the 
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beginning of the Spanish Empire and its subsequent expansion across all of Europe and the Conquest and 
Colonisation of the Americas and the Pacific. The various territorial modifications led to the Modern State, 
up to today. 
In addition to this circulation of civilisation and the naval tradition in Spain, this great quantity of 
archaeological remains is no more than the result of accidents and storms, to a great extent augmented by 
the difficulty of the rocky terrain of the coast. As was the case, for example, with El Triunfante, a warship 
that fought against the French Republic and was shipwrecked on the Gulf of Roses (Girona) on 5 January 
1795 amidst a terrifying storm. Another reason for ships sinking were the naval battles that they witnessed. 
One case to highlight is the Battle of Trafalgar, which took place on 21 October 1805 where almost fifteen 
ships of the French–Spanish coalition were sunk near Cape Trafalgar in battle against the British Navy. 
Some of these ships have been located on the coasts of Cádiz and studied; this is the case of Bucentaure 
[8], the flagship of the French-Spanish Navy, and Fogueaux [9]. 
Research at each of the underwater archaeological sites entails arduous work, not only due to a 
working environment that is hostile to humans, but also due to the difficulty of searching for and locating 
them. It is necessary to highlight that the reality of an underwater site is usually quite far removed from the 
idyllic image that a sunk ship might have at first sight. Typically, it is not even possible to distinguish 
between the remains of the site and the environment itself, since the remains eventually become integrated 
into the landscape due to the action of time and the continuous deposition of sediments, as we can observe 
in Figure 2. It is normal to find layers of limestone or iron deposits on the surface of the pieces. Limestone 
deposits originate mainly in the shells of molluscs that are deposited on the surface of objects, while iron is 
usually from the rust present in the object itself or in nearby iron objects. Therefore, it is not easy to visually 
discover a site only by diving in the vicinity. 
 
 
Figure 2. Underwater archaeological site located in San Pedro de Alcántara (Málaga). 
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3. Phases of research. Underwater prospecting and excavation 
The scientific method that will govern this discipline will be the same as for all archaeology: the 
systematic study of elements belonging to the material culture of human beings throughout their existence 
and which, in this case and due to various circumstances, are saturated with water, submerged in seas, 
rivers, lakes, swamps, etc., affecting their chemical structure in a certain way. 
This method consists of studying materials, architecture and zones through certain techniques that 
briefly list its different stages. These stages are: prior study and documenting, applying the hypothetico-
deductive method based on previous knowledge; visual prospecting and geophysical methods to delineate 
areas of archaeological presence; excavation itself, which will require the support of auxiliary sciences such 
as topography, biology, geology, restoration, statistics, forensic medicine, soil analysis, etc. And finally the 
historical knowledge to undertake the work with guarantees of proper documentation and contextualisation. 
Of course, the sea bed and water make these tasks extremely difficult, particularly the prior 
location of sites. As mentioned above, archaeological remains are integrated into the landscape due to the 
action of time and continuous deposition of sediments. Generally, search operations are carried out from a 
research boat that incorporates study equipment such as sonar detectors, magnetometers or remotely 
operated vehicles (ROV). 
 
 Prospecting 
Following the location of the site and documentation on the historic event to be researched, the 
first stage of prospecting is undertaken with the intention of limiting the work area and locating at the bed 
the main centres of material accumulation. The aim of this first approach is to identify historical periods and 
the origin of remains. 
This prospecting is visual and is carried out by diver archaeologists who create search routes with 
the help of guide threads, wires or ropes extended in straight single lines or distributed in parallel, forming 
streets, a similar system to that used in land prospecting of large sites (see Figure 3A). Another method 
would also be to hook a rope to a weight and, once stretched, turn it around this weight, which will act as an 
axis with the divers distributed along its length (known as a circular search: see Figure 3B), amongst other 
methods. 
 
 Excavation 
The next stage will be the subdivision into grids of the whole study area defined in the prospecting 
and the start of its excavation, applying the Harris method [10] (see Figure 4). This method consists of 
adding a fourth dimension to the archaeological studies, the dimension of time, through the superimposing  
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Figure 3. Traditional search scheme by A) linear and B) circular prospecting. 
 
of layers. Each layer corresponds to a different age or period; therefore, we can date objects according to 
the layer where they are found. Furthermore, all of the grids are added, documenting each of its stages with 
archaeological field drawing, photography and techniques such as photogrammetry, where possible. The 
tools used will differ from those used on land, these being the classic pickaxes, shovels and hoes, which are 
replaced with suckers and suction hoses (see Figure 5) connected at the surface with a compressor that 
expels pressurised water or air. The materials thus extracted from the sea bed may be raised to the surface 
with the help of different sized balloons (see Figure 6). 
The objects extracted require special treatment with the help of beds and moulds manufactured 
underwater from the piece itself using with products such as expanded polyurethane or epoxy resins to  
 
 
Figure 4. Archaeological grid. Provided by [11]. 
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Figure 5. Excavation with suction hoses. Provided by [12]. 
 
manufacture moulds in-situ [13]. It is not possible to move an object from its site for logistic reasons, for 
example due to its size. At other times, the cause may originate in legislation or it may be contraindicated 
for the whole object. The materials present at the site itself are in chemical balance with their surroundings, 
preventing their deterioration. Out of water, they begin to rust due to oxygen in the air and electrolytes they 
may carry occluded inside them. This entails a serious problem for the researcher, since the information 
that they can obtain is simply through the visual analysis of the object. 
 
 
Figure 6. Removing heavy load with balloon. Provided by [12]. 
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4. Objective. In situ analysis of archaeological material submerged 
The materials that we can find on an archaeological site can be very diverse in nature, from the 
skeleton of the boat to the crew’s clothing. In general, the structure and the lining/sheathing usually appear 
(see Figure 7). There will also be pieces related to the goods that it transported, as well as pots and 
amphoras (see Figure 8). Navigation and pulley apparatus, as well as objects typical of life on board (see 
Figure 9). Defence equipment such as cannons and ammunition (see Figure 10). 
Each piece of information learned about an archaeological object is another step towards knowing 
our own history. In this regard, knowledge about its chemical composition may be vital for locating the 
space-time origin or for understanding the technology used in its construction. An example of this is found in 
the analysis of ships’ sheathing, since the base material has continually been modified over the centuries. 
The modality of covering the wooden hull boats with structural elements had already appeared since the 
time of the Phoenicians. However, in the 15th Century a change was observed in the base sheathing 
materials to lead introduced by Portuguese and Spanish manufacturers its use was extended until the 17th 
Century. Then in the 18 th Century, lead-based sheathing was substituted first by copper and then by 
copper-based alloys [14]. This also occurs with ships’ defensive equipment, where the cannons may have 
been manufactured in iron or bronze according to the period of history. Likewise, the composition of 
cannonballs also provides very valuable information, with the analysis of their minor components indicating 
the type of smelting involved [15]. The elements of the pigments of the ceramic material can speak about 
how they were made. 
 
 
Figure 7. Phoenician ship found in La Isla beach (Murcia). Photographic file ARQUA. 
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Figure 8. Roman amphorae from the shipwreck of Bou Ferrer in Vile Joiosa (Valencia). Photographic file Universidad 
de Alicante. 
 
However, the classic analytical techniques usually require transferring the piece to the laboratory to 
study its composition. As we mentioned, this is not possible in many cases, with studies being limited 
exclusively to the in-situ analysis of objects. Furthermore, but just as important, it is necessary to bear in 
mind that the arrangement of the object in the context of the site can provide us with information about it. As 
such, the United Nations Educational, Scientific and Cultural Organization (UNESCO) [2] in its Convention 
for the protection of underwater cultural heritage considers the in-situ conservation of Cultural Heritage as 
"first option before allowing or engaging in any activities directed at this heritage”.  
 
 
Figure 9. Buttons and buckles from the shipwreck of San Pedro de Alcántara (Málaga). Photographic file CAS. 
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Figure 10. A) Cannon, photographic file ABC newspaper; B) Canon ball, photographic file The National Geographic. 
 
Therefore, an analytical challenge arises: characterising the remains in underwater sites without 
extracting them from their original location. In spite of this demand, no many analytical techniques are 
available for this task. Indeed, only those based in laser technology are encouraged for this purpose. Thus, 
Raman spectroscopy have proven to be useful for the analysis of submerged objects [16]. An example is 
the work of S.N. White et al. [17] in which Raman is used in order to determine the chemical composition of 
minerals on the seafloor. In addition to this, Raman has been recently employed to study the geochemistry 
of hydrothermal vents and cold seep fluids at deep-ocean [18]. Also, the continuous efforts of the laser 
application laboratory in ENEA (Frascati, Rome) for the design and development of instruments based in 
Laser Induced Fluoresces (LIF) for in-situ measurements underwater must be mentioned here [19]. 
However, although Raman and LIF could be applied in this field, no atomic information is provided. 
Nowadays, Laser-Induced Breakdown Spectroscopy (LIBS) provides a new solution for this analytical 
challenge. In the last few years, LIBS has emerged as an analytical technique with an important potential for 
using in archaeology [20, 21] and oceanography applications [22]. Specifically, LIBS is the only one capable 
of providing the in-situ elemental composition sought. Therefore, the development of tools based on the 
LIBS technique may be the solution to the problem. 
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1. Fundamentals of LIBS
1.1. Overview 
Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission spectroscopy that was 
first reported in the literature in 1962 [1]. This technique is based on the detection and analysis of the 
spectrally resolved optical emissions of atoms, ions and small molecules present in plasmas generated by 
the pulsed laser ablation of samples [2]. LIBS exhibits several distinctive capabilities that have contributed 
to its fast expansion in numerous areas of applied chemistry and physics. Among them, it does not need 
any treatment of samples and that no limitation is presented for what concerns the typology of the state of 
the matter solids, liquids, and gases. In addition, LIBS presents a huge potential to perform simultaneous 
multielemental detection, fast analytical response and real-time monitoring of the elemental composition of 
samples. In fact, only optical access to the target is required. The possibility of design field deployable 
instruments and its handiness to operate at remote distances [3] permit the use of LIBS to real-world 
application. 
The origin of LIBS in some ways is parallelto the development of the laser, nearly 50 years ago 
when the pulsed ruby laser was invented by Maiman [4]. For many years “the laser was a solution 
searching for a problem”. It had to generate its own applications. A couple of years after Maiman works, a 
first publication presented by Brech and Cross [1] revealed the powerful tool of laser as a spectral source. 
They vaporized metallic and non-metallic materials using a ruby laser, then the vapours were analysed with 
an electrical spark. This study is considered to be the beginning of the LIBS itself; though the laser-induced 
plasma was not produced directly. Interest in the LIBS started to grow when the lasers, with improved Q-
switches technology, induced the plasma directly by the beam without the assistant electrode excitation. 
First steps of LIBS were in the field of surface analysis [5] and to examine metallic samples [6] using a 
monopulse. Later, laser radiation was also focussed in air [7] and in water [8]. More pioneering works were 
based on the laser-matter interaction [9], plasma diagnostics [10] and temporally gated detection [11]. 
Nevertheless, despite its promising start, the expansion of LIBS as analytical technique was slowed down 
over many years because of its limitations as quantitative method. 
In 1980s, a renewed interest in LIBS was achieved with the introduction of two works based on the 
time integrated (Loree and Radziemski, 1981) [12] and time-resolved (Radziemski and Loree, 1981) [13] 
analysis of gases. The temporal detection of the plasma radiation, as well as, the evasion of the continuum 
emission of the LIP leads to the improvement in the signal-to-noise ratio and subsequently to the 
improvement of the limits of detection (LOD). Since then, LIBS has been in continuous advance, not only on 
the gaining of more knowledge about its performance but also addressing a lot of real analytical challenges. 
In order to improve the sensitivity and selectivity of the technique, a part of the research has been focused 
to evaluate different experimental configuration for the excitation [14]. Thus, the use of a double-pulse 
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configuration (DP-LIBS) [15], and the delivering of multi-pulses excitation (MP-LIBS), [16] has been 
considered. 
From the 90’s to the present day, due to the ongoing need for analytical methods increasingly 
more demanding, LIBS has been advancing significantly in developments in its instrumental components. 
LIBS technology is currently undergoing transformation from a bench top analytical technique into a viable 
tool for field measurements. The advances in optical configurations (such as fiber optics, beam optics and 
telescopes) for guiding and collecting the plasma light have resulted in instrument design differing from 
those normally used in laboratory. Furthermore, continuous advances in reducing the size and weight while 
increasing the capabilities of lasers, spectrographs and detectors make possible the development of 
compact and rugged instrumentation [17]. In this connection, some LIBS approaches have been able to 
develop such as remote LIBS system (the laser and/or the signal are transmitted through a fiber optic cable) 
or standoff (both the laser and the signal are transmitted along an open path configuration). These sensors 
have been constructed with the goal of analyzing distant targets in environments where physical access is 
not possible or may present a risk to the operator.  
Nowadays, the effective deployment and implementation as crowning of the technology has been 
evidenced with its flexibility and adaptability to a huge variety of environments since the surface of Mars [18-
20] until deep ocean exploration [21, 22]. And also, the technological advances are reflected on its usage 
for a wide range of new and interesting applications in extreme and hostile environments such as industry 
[23], homeland security [24-25], geology [26], biomedicine [27] and cultural heritage [28]. The current 
research in LIBS is focused towards the starting-up and the development of laser-based analytical 
applications [14], but also on the knowing, the understanding, and the unveiling of the fundamental aspects 
of the ablation physical process and the chemistry of the plasma [29, 30]. 
Along the following sections, although briefly, a description on the most basic aspects of LIBS will 
be provided. 
 
1.2. Laser–matter interaction and plasma formation 
Interaction of a focused laser beam with matter is a complex and not yet fully understood 
phenomenon, which is still under intensive investigation. These difficulties arise from the many parameters 
conditioning the process, which can be related to the laser (i.e. wavelength, energy and pulse length) or the 
sample under inspection (related to material properties, microestructure, morphology and presence of 
defects) [31]. The process starts with a high power laser pulse that is tightly focused onto the target surface. 
The irradiation absorbed in the focal spot can lead to a rapid local heating and intense evaporation, followed 
by a mass removal process called ablation. During this process, a wide variety of phenomena including 
rapid local heating, melting and intense evaporation is involved. Then, the evaporated material expands as 
a plume above the sample surface, and because of the high temperature, a plasma is formed. This plasma 
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contains electrons, ions, and neutral as well as excited species of the ablated matter, whose light emission 
constitutes the analytical signal measured by LIBS [2]. Figure 1 depicts a brief survey of some of the 
numerous phenomena and complicated processes involved during laser‐matter interaction and the ensuing 
target ablation. 
A description of all processes following the laser-matter interaction will be discussed in the next 
subsections. It must be noted that mechanisms will be described for the general case of ns-LIBS. 
 Laser energy absorption and ablation process 
The first step in plasma formation is the absorption of laser energy by the target material. First 
instance, when a large amount of laser energy is focused on the matter, the absorbed photons lead to 
theproduction of electrons with a certain amount of kinetic energy. If the electron densities is very high 
(Ne>1017 cm‐3), electron‐electron collisions dominate over electron‐matter collisions and electrons begin 
tobehave collectively and thermalize each other. Thermal equilibrium among electrons is reached when 
they transfer their kinetic energy to the matter via recombination and phonon generation. Consequently, a  
 
 
Figure 1. Chronological sequence of the main phenomena that occur during laser-assisted ablation process. 
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wide variety of thermal phenomena such as a rapid local heating, melting and intense evaporation are 
caused. Therefore, a sequence of phase transitions occur: from solid to liquid, and from liquid to vapor [32]. 
After that, as the laser radiation continue, the sputter target material is gasified and ionized, thus leading to 
the formation of the plasma containing electrons, ions, and neutral as well as excited species of the ablated 
matter. 
 Plasma ignition 
The ignition of laser-initiated plasmas begins with the gas breakdown by the tightly focused laser 
pulse. Breakdown itself is not a single and well-defined phenomenon, but a complex body of processes 
initiated by multi-photon ionization (MPI) and propagated by cascade (or avalanche) ionization [33]. These 
sequences of events may be schematized as follows: 
A + nhν → A+ + e- (1) 
A + e-→A+ + 2e-  (2) 
where A is an atom and A+is a single charged atom, n is the number of photons, h is the Planck´s constant, 
e-is an electron and ν is the frequency of radiation. 
The plasma formation begins by MPI process (1) whereby atoms and molecules absorb enough 
photons to ionize, while they release free electrons. From the incoming radiation the high density of 
generated electrons gains energy. Consequently, the transference of energy from electrons to other atoms 
from the sample occurs, and the process progresses by avalanche ionization or cascade ionization (2) [34]. 
Another phenomenon that must be taken into account is the so called Coulomb explosion. It 
consists in the expulsion of ions after electrons have been removed from the target by MPI. If the extracted 
electrons are not replaced immediately by others, coming from the surrounding solid, a surface charge 
develops and consequently the ions in the lattice experience a strong repulsion. If this electrostatic 
repulsion is able to overcome the lattice bonding energy, ions are ejected from the sample surface to 
recover neutrality. Due to its electrostatic nature, Coulomb explosion is unlikely to emerge during laser 
ablation of conductive materials [35]. However, this process is substantial for the ablation of dielectrics and 
semiconductors [36]. 
The prevalence or the co-presence of the various mechanisms responsible for the breakdown is 
closely dependent on features of both the irradiated target and the ablation laser (pulse duration and 
wavelength). There is no a clear separation between the different regimes. A set of generalities may be 
pointed out according to the nature of the samples and the properties of the radiation. Thermal processes 
and cascade ionization dominate in the case of ablation of conductive targets irradiated with long 
wavelengths and long pulses. In contrast, multi-photon phenomena and Coulomb explosion are associated 
to ultra-short pulses, short wavelengths, and high irradiances and are more frequent for dielectric materials. 
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 Plasma expansion 
Once the plasma plume has been created, it is directly ejected outward expanding into the 
surrounding ambient. The direction is in opposite to the propagation of the laser pulses. The plasma 
expands into the background gas and strongly interacts with it. Since the laser pulse may still present during 
the early stage of the plasma expansion, a part of the pulse energy stimulate the heating and the ionization 
of the vapor, while the other fraction continues toward the sample surface [37]. The interaction between the 
plasma and the laser pulse leads the so-called laser-supported absorption waves (LSAWs) that dominates 
the propagation of the plasma into the surrounding atmosphere. According to experimental parameters, 
such as, chiefly, the laser fluence and buffer gas pressure, three types of LSAWs regimes, schematized in 
Figure 2, can be differentiated [37-38]: 
 
Laser-supported combustion waves (LSCWs). It is generated at relatively low fluence 
levels.The shock front is located ahead of the absorption zone which is coupled to the 
plasma which is in turn in contact with the target surface. Despite that the shock wave 
enlarges the gas density, pressure, and temperature, the region of post-shock gas 
continues to be transparent to the laser radiation. Thus, a residual laser beam energy is 
efficiently absorbed by the front edge of the plasma while propagates into the shocked 
gas. The main mechanism causing LSCW propagation is the radiative transfer from the 
hot plasma to the cool high-pressure gas created in the shock wave. 
 
Figure 2. Schematic overview of the structures of A) laser-supported combustion (LSC), B) laser-supported 
detonation (LSD), and C) laser-supported radiation (LSR) waves expanding into a surrounding ambient at 
atmospheric pressure. This figure has been adapted from a similar one featured in the reference 38. 
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- Laser-supported detonation waves (LSDWs). It is generated at intermediate fluence. The 
absorption zone is located slightly behind the shock front and the plasma is detached 
from the absorption zone and target surface. The laser energy is absorbed in the post-
shock gas zone and the plasma volume is heated isometrically, that is, the absorption 
zone reaches a pressure, temperature, and density higher than the vapor gas placed just 
above the sample. Thereby, the shock front enhances efficiently and a great thrust is 
imparted to the target surface. Thus, the expansion of the LSDW is governed by such 
absorption mechanism. 
- Laser-supported radiation waves (LSRWs). It is generated at very high fluence. The 
temperature of plasma radiation become very high and coupling of the absorption zone 
and plasma volume takes place. Consequently, a large fraction of the incident laser 
radiation is absorbed and prevented from being delivered to the target surface. 
 
Differences among these models are related to the velocity, pressure and the effect of the radial 
expansion on the subsequent plasma evolution, arise to the different propagation mechanisms of absorbing 
front into the cool transparent atmosphere. 
During its early lifetime stage, the plasma is weakly ionized and therefore is transparent to laser 
radiation. However, when the electron density is increased during the expansion or a high power density is 
employed, an optically dense plasma could be obtained. In fact, the surface of the plasma plume may be 
shielded, which prevents that the tailing part of the laser pulse reaches the sample surface. This 
phenomenon is namedshielding effect. This plasma shielding does not only changes the actual energy flux 
received by the matter but also causes a reheating of the plasma itself. This effect is commonly produced in 
the case of nanosecond laser pulses, however is not evidenced for ultrafast (pico‐ and femtosecond) laser 
pulses, because the total temporal length of the pulse impacts the target before plasma formation [39-41]. 
Three principal mechanisms that may contribute to the plasma shielding are inverse 
bremsstrahlung (IB), photoionization (PI) and Mie absorption [42]. 
- The IB process involves the absorption of photons by free electrons moving through the 
electric field of an ion or less likely by a neutral atom. 
- The PI is described by the absorption of a photon into a neutral atom, which becomes 
ionized. 
- The Mie absorption involves the absorption of light induced by small clusters or particle 
generated by the condensation of a supersaturated vapour. 
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 Decay and emission of the plasma 
The plasma is highly ionized. These conditions give rise to an intense continuum emission which 
dominates the spectral response in the first instance. The continuous spectrum of radiation is attributed to 
Bremsstrahlung and recombination radiation processes [43]. During the Bremsstrahlung process, photons 
are emitted due to the transition of free‐state to free‐state contributed by free electrons and ions 
accelerated or decelerated through collisions. Nevertheless, during the recombination event, free electrons 
are captured to be bound‐state by ions in electron‐ion collision and neutral atoms and molecules are 
created; thus excessive energy is emitted in the form of electromagnetic radiation. As the plasma evolves, it 
cools off, the temperature and electron density is decreased sufficiently during this process; background 
continuous intensity decays more rapidly than the spectral lines. Hence, conventional spectral 
measurements should be registered after some hundreds of nanoseconds delayed from the incidence of the 
laser pulse onto the target. The spectroscopic analysis of the optical emissions from spectral lines provides 
qualitative and quantitative information on the elemental composition of the sample as well as on the 
temperature and particle density of the plasma itself [30]. 
 Condensation 
After the extinction of plasma, the complete removal of the material leads to a negligible residual 
microcrater on the target as the most evident physical sequel of the whole ablation process [44]. Generally, 
the dominating species leaving the target surface are atoms and ions; beside also the material plume is 
consisting of particles. These smaller particles are generated after the plasma expansion. In this time, the 
plasma is gradually cooling down, thus leading to the nucleation and condensation of the vapour atoms, 
which results on the formation of nanoparticles and growth toward clusters. Other route of particles 
formation (in this case causes a larger size) take place during the plasma expansion into the ambient. 
These particles are expected to be created by direct mass ejection as a consequence of different 
mechanisms (photomechanical fracture, liquid splashing …) depending on the material nature. 
 
1.3. Factor affecting laser ablation and laser induced plasma formation 
As exemplified in Figure 3, the nature and characteristics of laser-induced plasmas are strongly 
affected by the laser operating conditions, such as laser wavelength (λ), pulse duration (τ), and energy (E). 
At the same time, the surrounding media, not only in composition but also in pressure, plays a critical role 
since it is the medium where the plasma evolves. The nature of the probed material also conditions the 
absorption of the laser pulse/ energy. Next, through some brief information, the main impacts of these 
parameters will be described. 
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Figure 3. Pictorical summary of the variables affecting the laser ablation and laser-induced plasma. 
 
1.3.1. Influence of laser parameters on the laser induced plasma 
The laser parameters are important variables affecting plasma characteristics. In general, the 
wavelength of the laser radiation will determine the available coupling within the electronic, or vibrational, 
states in the sample. During this coupling, the material is heated to a particular temperature depending on 
the mechanism of interaction of the laser pulse with that, and the onset of ablation (either thermal 
orphotochemical) occurs if the fluence is above a minimum threshold. After the plasma plume is formed, its 
density may obstruct entirely or partially the laser radiation (plasma shielding), depending on the laser 
wavelength and pulse length. Thus, only a percentage of energy is transferred from the laser pulseto the 
target. For a better understanding, effects of laser parameters on the plasma have been separated as 
follows [2]. 
 Laser wavelength 
As mentioned before, laser wavelength plays an important role on plasma generation, laser-
plasma coupling, plasma expansion dynamics and confinement, plasma properties and crater generation 
[45]. A large variety of laser wavelengths ranging from ultra‐violet to near infrared passing through the 
visible can be used. The effect of wavelength on laser-matter interaction has been evaluated both 
experimentally [46-48] and theoretically [49-50]. 
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Differences in absorption rate between radiations lead to different propagation behaviour of the 
produced plasma. In line with this, it is important to mention Ma et al. works. They have investigated the 
ablation of alluminum targets in one-bar Ar background usingnanosecond UV (355 nm) or IR (1064 nm) 
laser pulses [51]. As indicate such reference, while for UV ablation the background gas is principally 
evacuated by the expansion of the vapor plume, for IR ablation the background gas is effectively mixed to 
the ejected vapor. In fact, higher electron temperature (Te) and density (Ne)are observed for UV ablation 
than for IR ablation. These parameters confirm a hotter, confined Al plasma for UV ablation, whereas for IR 
ablation, a larger axially extended Al vapor plume with a better homogeneity is observed. Thus, while a 
large λ (IR ‐ 1064 nm) produces larger axially extended plasmas, a short λ (UV ‐ 266 nm) generates 
plasmas much more confined. 
 Laser pulse duration 
Laser pulse duration is a key important parameter in essential changes in the produced plasma 
due to the different rate of energy deposition and the variable mechanisms of energy redistribution and 
dissipation within the material. Indeed, interaction of nanosecond (ns) pulses with materials is substantially 
different from those of femtosecond (fs) pulses since the rate of energy deposition is significantly shorter in 
this last instance [2]. In the case of nanosecond (ns) pulses the laser−plasma interaction during the plasma 
evolution plays an important role. While the leading edge of the laser pulse produces the plasma, the 
remaining part of the pulse overheats the ejecting plume instead of interacting with the sample. As 
consequently, a preferential ablation may be done attributed to different rates of volatilization or atomization 
processes of the elements that constitute the sample [52]. Thus, the plume may be enriched in the most 
easily vaporizable species. In contrast, in ultrafast laser pulses (pico‐ and femtosecond) this effect is not 
observed because last part of pulse arrives so quickly that the plasma is not ignited yet. As this respect, it is 
important to comment that using ns pulse, plasma plume exhibits two different regions, a high radiation 
intensity region behind the expanding plasma front and other bright spot located just above the sample 
surface [53-54]. In the case of ultrashort laser pulses, the phenomenon of distinguishable zone is not 
observed. In spite of this, a non uniform distribution of intensity regions at the plume may be also evidenced 
in function of the irradiated material and at the very beginning of ablation. However, in such circumstances 
obeys to a different causes; the size of the ablated material [55-56]. 
The effect of laser pulse duration has been also evaluated in sample submerged in water [57]. 
These authors concluded that long ns pulses are more favorable for this LIBS application due to the 
relatively slow heating of the plasma. This fact causes a larger and less-dense plume, and, therefore, fairly 
intense and less broadened emission lines. Also, a weaker continuum has been observed. 
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 Laser pulse energy 
Last but not less important, the laser pulse energy (E) is also an influential parameter that alters 
the ablation and plasma formation. In fact, for LIBS, the energy per unit area that can be delivered to the 
target is more important than the absolute value of E. Two magnitudes are interchangeably used to 
describe the energetic regime for laser ablation: fluence (energy per unit area, J cm-2) and irradiance (power 
per unit area, GW cm-2). Both are referred to the total laser pulse energy deposited on the target surface per 
unit of area [58]. The disparity between the two terms is that irradiance includes the laser pulse duration 
whilst the fluence is a time-integrated measurement of the applied energy. The experimental determination 
of both parameters requires a judicious estimation of the spot size over which the laser beam is focused. 
However, any modification on these parameters influences on the amount of ablated mass and, 
consequently, on the produced plasma plume. The raise of these variables influences on plasma 
morphology and dynamics. At low irradiance, the lower ablation rates lead to plasmas with less energy, so 
its expansion in the radial direction prevails over that in the longitudinal direction, so the plume core remains 
“attached” to the sample surface. In contrast, at high irradiance, the plume, containing more ablated matter 
and having higher internal energy, is capable of pushing the surrounding air far enough in front of itself in 
order to expand into a hemispherical shape [59]. In turn, an increase is detected forTe andNe with the raise 
of the irradiance [60]. 
 
1.3.2 Influence of ambient gas on the laser induced plasma 
As a result of the sample evaporation, the plasma expands at supersonic velocity toward the 
surrounding atmosphere in front of the target. The interaction of the plume with the ambient gas is a 
complex gas dynamic process due to the sequence of new physical processes, including deceleration, 
thermalization of the ablated species, interpenetration of gas components into the plasma, radiative 
recombination, formation of shock waves, and clustering. Consequently, atmosphere surrounding is also of 
major relevance for plasma properties and the dynamics. But not only it composition also the pressure 
under which such plume is evolving. 
In general, a decreasing of density and temperature of plasma is larger when the pressure 
decreases because expansion of the plasma becomes faster, thus resulting in faster cooling. Some works 
have evaluated the effect of gas pressure over emission intensity [61-63]. A decrease of emission intensity 
of the plasma with raising pressure has been observed. It is justified from the fact that, under low pressure, 
the plume interacts less strongly with ambient molecules (less transfer of part of the energy to them), 
decreasing the number of recombining ions. In contrast, when the ambient gas prevents its expansion, 
recombination processes proceed faster since energy exchange between particles inside the plume 
becomes more efficient limiting the emitting species.  
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It is important to mention the particular case when the plasma evolution takes place in water [34]. 
Once the plasma is formed, it evolves similarly to what happens in gaseous background, namely, it expands 
supersonically, driving a shock wave in the surrounding environment, and extinguishes after a given time. 
However, the water compressibility is several orders of magnitude lower than that of air, which causes the 
plasma to be severely confined and, consequently, the rate of recombination phenomena to increase 
strongly. Thus, the plasma persistence is reduced to a few hundred nanoseconds and the emission spectra 
appear to be dominated by a black body-like broad continuum, due to the radiative recombination and, more 
limitedly, to the Bremsstrahlung emission [64].  
Moreover, the effects of distinct background atmospheres on the dynamics of the generated 
plasmas have been intensely studied [65]. Changes in the vaporized amount by plasma shielding, changes 
in plasma temperature by the absorption of laser radiation, and changes in the plasma expansion. All this 
aspect related at the same time with the properties of gas affect the intensity of LIBSemission [66]. 
Respect to plasma properties, it is determined that low temperatures and electron densities result 
in plasmas generated in He atmosphere, whereas high temperatures and electron densities are attained for 
plasmas in Ar ambient. In this line, a study of temporal data [67] using Ar and He concludes that Ar ambient 
led to slow decay of both electron density and plasma temperature, whereas He gas caused a fast decay in 
both parameters. As explained in [68], the differences between values and their ensuing decay of electron 
density and temperature of plasmas in Ar compared to He is argued on the basis of the thermal 
conductivity. In addition, considering the ionization potencial of Ar (15.76 eV) and He(24.58 eV); the lower 
the ionization potential, the higher the electron density and the plasma temperature, and slower their 
corresponding decays [69]. 
On the other hand, the influence of composition of the background gas on the amount of material 
ablated as well as the diameters and depths of craters has been studied [70]. A deeper and wider crater 
was obtained in He compared to Ar atmosphere. This fact seems to be due to the plasma shielding. Thus, 
the heating of the background gas by inverse Bremsstrahlung is less effective for He, thereby leading to 
lowest plasma shielding and most amount of ablated material. 
 
1.3.3. Influence of target on the laser induced plasma 
Doubtlessly, variation of plasma parameters for samples at different states of matter –solid, liquid 
and gas– is more than obvious because of the different energy thresholds required to its particular 
breakdown. The type and nature of the analyzed material plays a crucial role to the ablation process. For 
materials at the same state but prepared under differing forms, namely, nanopowder, pressed powder 
pellets, and sintered ceramics; strong differences on plume plasma dynamics are also found as well as 
particles ejected from the irradiated material [71]. Also, in this direction of influence of sample structure, the 
ablated mass is in inverse proportion with hardness of surface of sample [72]. In addition to this, due to the 
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differences on chemical and physical properties of materials, a matrix effect on the laser‐induced plasma 
plume parameters is evidenced. As expected, the larger the differences on materials properties, the higher 
the variation of their respective plasma parameters [73]. 
 
1.4. Parameters for plasma characterization 
Once the plasma plume is produced, there are some physical parameters such as the Te, the Ne 
and the atom and ion number densities that allow its characterization. Knowledge of these parameters is 
vital to understand the dissociation, atomization, ionization, and excitation processes occurring in the 
plasma and helpful in utilizing the plasma to maximize analytical potential of LIBS. 
The description of the plasma state and the evaluation of its essential physical parameters are 
strictly connected to the concept of thermodynamic equilibrium. As explained by Hahn and Omenetto in 
[29], for a plasma to be in complete thermodynamic equilibrium, all processes should be in balance and 
characterized by a single temperature. Therefore, the process of excitation of atoms by collisions with 
electrons is equal to the reverse deactivation process, collisional ionization is equal to three-body collisional 
recombination, and radiation emitted is equal to the radiation absorbed. However, when the energy losses 
by radiative processes is smaller than that involved in collisions between species that govern transitions and 
chemical reactions, the local thermodynamic equilibrium (LTE) is reached [29, 74]. For satisfying this 
condition a sufficiently high electron density has to be reached. In the LIBS literature, the most popular 
criterion usually invoked as a proof of the existence of LTE in the plasma is the McWhirter criterion. 
However, this criterion is known to be a necessary but not a sufficient condition to ensure LTE. The 
McWhirter criterion allows calculating the critical Ne for which the plasma is within LTE using the following 
equation [32, 75]: 
𝑁𝑒 ≥ 1.6 × 10
12𝑇1/2(∆𝐸)3𝑐𝑚−3   [Eq. 2.1] 
where T is the plasma temperature (K) and ΔE is the higher energy difference (eV) of the levels whose 
populations are given by LTE conditions. This approach assumes that the collisional rates are at least ten 
times the radiative rates within the plasma. The critical electron density for LIBS plasmas is usually 
estimated in the range of 1015–1016 cm−3. 
 Plasma temperature 
A general approach to determine the plasma temperature is the so-called Saha-Boltzmann plot 
method [76]. For plasma in LTE, the Boltzmann's law relates the total density N (T) of a neutral atom or ion 
to the population of an excited level [77-78], as expressed in equation 2.2: 
𝑙𝑛 [
𝜆𝑚𝑛𝐼𝑚𝑛
𝐴𝑚𝑛𝑔𝑚
] = −
𝐸𝑚
𝑘 𝑇𝑒
+ ln( hcN) [Eq. 2.2] 
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where λmnis the wavelength of the transition lines, Imnis the integrated line intensity of the transition involving 
an upper level (m) and a lower level (n), Amn (s‐1) is the transition probability, gm (s‐1) is the statistical weight, 
and Em (eV) is the excited upper level energy. Te (K) and k (eV∙K‐1) are the electron temperature and the 
Boltzmann's constant, respectively; h (J∙s) is the Planck's constant, c (m∙s‐1) is the speed of light and N (T) 
(m‐3) is the total number density. 
By plotting the left hand side term vs. Em, the plasma temperature is obtained from the slope of the 
straight line. Depending on both the LIBS operational conditions and the sample nature, the range of 
plasma temperatures may broadly change but values from 6000 K to 15000 K are characteristically reached 
[30]. 
 Electron density 
Another important parameter for plasma characterization is the electron density. Among the optical 
emission spectroscopic methods proposed, the broadening of emission lines due to the Stark effect has 
been the most widely used. This effect is due to the collisional processes between the emitting atoms and 
electrons and ions, resulting in a broadening of the line and a shift of the peak wavelength. This effect is 
considered the dominant broadening when compared with other mechanisms due to collisions with neutral 
atoms (i.e., resonance and Van der Waals broadenings) [30]. Then, full width at half maximum (FWHM) of 
the stark broadening lines Δλ1/2, is related to the electron density and for lines of singly ionized ions is given 
by the following equation [79]: 
𝛥𝜆1/2 = 2𝑊 × (
𝑁𝑒
1016
) 𝑛𝑚   [Eq. 2.3] 
where Ne is the electron number density (cm-3) and the coefficient W is the electron impact parameter. 
 
2. LIBS configuration 
The most basic and typical configuration of LIBS to obtain a fast emission response of the analytes 
is the single‐pulse (SP) LIBS approach [80]. Despite of this configuration is successfully for depth profile 
and spatial resolution analysis, there are several concerns with SP ablation when LIBS is required for some 
analytical solutions. It is related with the small quantity of ablated mass that consequently induces weak 
emission intensity, poor measurement reproducibility, and the fractionation related to crater formation. In 
order to improve the deficiency of LIBS the use of other configurations based on several controlled laser 
pulses (double‐pulse and multi‐pulse) but keeping the flexibility of one‐step LIBS, have been also explored. 
As far as double‐pulse configuration is concerned generally, the first pulse yields a laser induced 
plasma that is essentially equivalent to that in single-pulse LIBS, with a comparable ablation plume, 
composition, temperature, electron density, and decay rate. The second pulse is typically fired after an inter-
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pulse delay (Δt) up to tens of microseconds that ablates additional material and produces a dual-pulse LIP 
with vastly different physical properties. The mechanisms responsible for the increased emissions were 
described by Scaffidi [81] and Babushok [15]. Moreover, whatever the delay time between pulses, DP 
configuration can operate under different geometries. Figure 4 exemplifies four possible arrangements of 
how the two delivered pulses can be combined [15]. 
- Collinear (4A): the two laser beam are coaxial. This configuration is popular because it is 
the most practical pulse alignment for remote, on-site, in situ, and on-line analyses [82]. 
- Cross‐beam (4B): one of the laser beam interact at a certain angle with respect to the 
sample surface [15]. 
- Orthogonal (4C, 4D): involve two synchronized laser pulses aligned perpendicularly to 
each other. However, at these instances, the order in which the two laser pulses are 
arranged in time leads to different effects on laser ablation. In Figure 4C, the so-called re-
heating, the first pulse is used to ablate mass from the sample surface while the second 
pulse is applied to re‐heat such ablated mass. And when the first pulse, delivered parallel 
to the target surface, is focused above the target to generate the air plasma, while the 
second pulse focuses perpendicularly to the target surface for ablation is called pre-
ablation, 4D [83, 84]. 
 
Regardless of DP configurations, emission signals are significantly enhanced, thereby leading to a 
higher analytical sensitivity [70]. It is due to a more efficient ablation, keeping the energy of plasma for 
longer times, which turns in a higher ionization degree and in a more stable signal. On the other hand, 
ascompared to SP, it has a much larger versatility using different beam geometries, pulse width and laser 
beam wavelength [85‐88]. 
 
 
Figure 4. Schematic diagrams of double-pulse LIBS geometries: A) collinear, B) cross-beam, C) orthogonal re-
heating, D) orthogonal pre-ablation. 
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It is important to mention that the original purpose of DP-LIBS was the improvement of the 
observed signal in an attempt to increase the analytical sensitivity. However, the advantages of this 
approach and their combined and multiple optical configurations lead also to improvements in LIBS 
applications such as underwater analysis which would not be feasible without the benefits of double-pulse 
excitation. This topic will be explained more extensively in section LIBS in liquid. 
Another alternative is the multi pulse excitation or MP-LIBS (more than two sequential pulses) that 
have been also investigated in order to improve the analytical performance of LIBS.MP configuration 
consists in a laser bursts containing a variable number of pulses with different duration and separated by 
distinct inter‐pulse gaps [89]. Analytical figures of merit are significantly improved with MP respect to those 
of SP or DP LIBS. The enhancement in MP-LIBS is caused by the increased material ablation but also 
because the reheated plume provides long excitation. As a conclusion, MP-LIBS causes a lower breakdown 
threshold and consequently an improvement in the ablation efficiency. This ablation rate increases as the 
pulse number increases and the pulse‐to‐pulse temporal distance within the pulse train decreases [90-91]. 
 
3. LIBS approach 
Sometimes an in situ analysis is needed in those applications where access to the sample is 
difficult or in situations that may severely affect the human health of the operator. Moreover, it is also 
necessary in those cases where the material cannot be transported to the lab due to the size of material or 
to avoids possible risks to the pieces. As a result of this demand, LIBS has been received a particular 
attention, as it combines many of the required features in a field‐portable technology such as rapid analysis 
with no sample preparation, a realtime response and an inherent high sensitivity. In the last few years, 
continuous advances in reducing the size and weight while increasing the performance of lasers, 
spectrographs, and detectors make possible the development of compact and rugged instrumentation. In 
especial, the use of fiber lasers, compact spectrometers, and fiber optics for guiding the plasma emission 
offers greater flexibility while reducing the risk of instrument failure. All these aspects has led to a rapid 
evolution of LIBS analytical equipment. [17] 
In addition, the flexibility of these systems has allowed them to adapt to changing operational 
scenarios, thereby enabling the use of hand‐held portable as well as distant analyzers. Fortes et al. have 
reported a complete review of the variety of such developed instruments, as well as their different 
applications [17]. In this work, these instruments capable of performing in-situ analysis are clearly classified 
as: portable sensors or sensors for distant objects. 
Figure 5 exemplifies the different operational LIBS approaches of these field‐portable technologies. 
The most relevant design features and particular qualities relating to each system will be briefly described 
below. 
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Figure 5. Operational approaches of the field-portable sensing LIBS systems. 
 
3.1. Portable sensors  
This category includes all those configurations in which both the operator and the LIBS sensor are 
located next to the sample. In the majority of works reported in the literature, the laser used is a Nd:YAG 
working at 1064 nm due to the proven reliability and ruggedness of solid-state lasers and also for size 
requirements. However, each particular application will be determine the type of detector required, and 
thespectral range used. Despite that designs can be varied, in general, the overall system involves the laser 
power supply, a main unit that consists of a specially adapted backpack and encloses the spectrometer and 
the computer components, and a hand‐held probe that houses in the laser head together with the focusing 
and collection optics arrangements [92-93]. An external power supply may provide autonomy of several 
hours to the sensor, thereby permitting its transportation to anywhere. 
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This configuration has been successfully utilized in a variety of application such as geo-chemical 
analysis of karstic formations [92-94], determination of lead in road sediment [95], chemical imaging 
ofhistorical buildings [93], oil spill residues [96], detection of indoor biological hazards samples [97] or using 
a double pulse configuration [98]. 
 
3.2. Sensors for distant objects 
There are particular scenarios in which a LIBS measurement at a certain distance is needed, e.g. 
when there is a hostile environment (potential risk in handling the sample to be analyzed) and/or there is a 
restricted physical access up to the material. At these circumstances, LIBS is usually performed remotely 
(via a controlled displacement of the sensing platform), or at standoff distance (where the sensing platform 
and the target are physically separated by distances up to several tens of meters). 
 Remote systems  
In the remote system, the laser and the signal are transmitted through a fiber-optic cable. The fiber 
optical materials provide a new method for plasma light collection and it is also possible to transmit the laser 
energy through the same fiber. At the end of the fiber, the laser beam is focused onto the sample surface by 
an appropriate optical configuration. Furthermore, within this approach, there exists two working 
possibilities: first, the use of a unique fiber optic cable capable of transmitting the laser energy andcollect 
the optical emission from the luminous plasma plume and to conduct it to the spectrometerfor analysis; 
second,the employment of an individual fiber optic cable for each specific process, the launch and the 
collection. 
The remote LIBS analyzers provide solutions to a wide variety of analytical problems. However per 
each particular application the instrument will be adapted to a maximum distance reached for the instrument 
as well as the optical system for laser focusing at the output end of the fiber. 
The majority of application with this approach has been directed towards environment monitoring 
[99]. It has also been investigated LIBS remote for the determination of contaminants in solids [100, 101]. 
Other applications include, for example, materials analysis in nuclear reactors [102], and determining 
minority components in systems alloys [103]. It is important to add, as will be explained in the next chapters; 
it is possible today to obtain the chemical composition of objects in an underwater archaeological site, which 
may be found submerged up to tens of meters depth [21, 104]. 
 Standoff 
In a standoff configuration both the laser radiation delivered up to a target located at several 
meters distance and the returning light from the induced plasma are transmitted through a "transparent" 
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atmosphere in an open‐path configuration [105]. Normally, the transmission medium is air, although 
recently it has demonstrated the viability of standoff LIBS (ST-LIBS) to carry out analysis of solids 
submerged in water [106].  
The solutions of ST‐LIBS to a large field of applications as analytical demands and technology 
evolves, have promoted this approach. Some of theseare suggests as detection of explosives [107,108], 
planetary exploration [109, 110] and ocean mining analysis [111], among others. Despite of variety of 
applications, thisapproach implies great complexity. Beyond the restriction on the specifications of the 
instrumental components entailed, the circumstances associated to the "transparent" atmosphere through 
which the light propagates contribute to raise difficulties [112]. 
 
4. Applications 
4.1. General overview 
The total number of fields in which LIBS finds application are increasing steadily every year and 
there are also major applications for which the analytical features of LIBS seems to fit the requirements 
perfectly. Generally speaking, in the, e.g., space exploration or cultural-heritage fields LIBS is used mostly 
because it can do things that other techniques cannot do; whereas in industry LIBS is used more and more 
because it does things better than other techniques.In a graphical manner, a summary of instances for 
which LIBS has been susceptible of being considered is projected in Figure 6. The following sub-sections 
give a brief, commented overview of some representative applications. 
 
4.1.1. Cultural Heritage 
The use of LIBS in the archeological and cultural-heritage field offers particular benefits. It is a 
rapid and portable technique. In addition to this, it is an in-situ, non-contact, and nearly nondestructive, and 
these are all important features in the case of precious art items (paintings, antique jewelry, pottery, etc.) 
kept in museums or art collections. Laser ablation can be used for cleaning artworks and also qualitative 
analytical applications are most abundant in this field. 
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Figure 6. Main LIBS applications. 
 
One of the most important problems in this area arises from the fact that most of these pieces are 
structured in different layers. LIBS (preserving the sample integrity) is capable of describing the surface and 
subsurface composition of a material. This capability is largely advantageous when attempting thepaintings 
from the archeological area of Pompeii [113] or chemical analysis of multilayered painted surfaces [114]. In 
addition to this, a recent example of this trend is the state-of-the-art combined instrument incorporating 
optical-coherence tomography and LIBS (OCT-LIBS) [115], which was specifically constructed to aid 
multilayer pigment identification in paintings. 
Recently an increasingly popular topic is the study of the origin or the age of archeological 
construction materials [116]. The use of multivariate statistical methods, mainly PCA, DA, or SIMCA, in such 
studies is becomingmore usual to improve their accuracy. Also is frequent in literature the analysis by LIBS 
of archaeologic bone and teeth; these studies have tended to investigate the degradation and/or diagenesis 
processes of such artefacts [117]. 
Although LIBS is already an established technique in this area, studies that compare LIBS results 
with those produced by standard instruments, for example EDS, LA-TOFMS, and XRF, are still frequent 
[118]. The comparisons are generally positive for LIBS, and the studies always mention that an added 
benefit of LIBS is that it can be made portable. In this way the use of standoff LIBS is suggested as a further 
development [119]. Transport of the artwork to the laboratory is eliminated, thus reducing the total analysis 
time and the risk of irreversible damage to the object. 
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4.1.2. Industrial analysis 
LIBS has been extensively investigated for industrial process control, especially in the steel making 
industry. The most important applications in this field include characterization of hot and molten metals, 
analysis of slag, classification of metals and alloys, sorting of steel parts or online measurement of coating 
thickness and composition [120]. Robustness, stability, reliability, analysis speed, and operational 
availability are important performance characteristics that make LIBS an important tool in the factory. 
On the other hand, the application of LIBS to control process of precious metal recovery and 
recycling has been also evaluated [121]. The results have been successful demonstrating that LIBS can be 
considered as a viable alternative to ICP-OES and XRF for the determination of recovered precious metals. 
Moreover, LIBS together with discriminant function analysis (DFA) has been utilized for identification and 
classification of six groups of the most used polymers in manufacturing and packaging of materials [122]. 
 
4.1.3. Environmental monitoring 
The atmospheric aerosols, soils and slurries constitute the environmental workspace most affected 
by heavy and toxic metals from many anthropogenic sources. Thus, a huge interest has focused on the in 
situ semiquantitative and quantitative characterization of these metals. LIBS has been effectively evaluated 
to analyze toxic metals [28, 123]  
On the other hand, detection of micronutrients (Fe, Cu, Mn, Zn, B, Mo, Ni, and Cl) and 
macronutrients (N, P, K, Ca, Mg, S) is also an important area in which LIBS seems a suitable in situ and 
real-time technique. When the nutrients are not present in appropriate concentration levels in soils could 
play a decisive role in plant nutrition and can affect crop yields [124, 125]. In addition to this, an interesting 
application of LIBS has focused on the investigation of the metal accumulation in vegetal tissues [126]. 
Galiová et al. demonstrated the capability of LIBS for mapping Ag and Cu distribution directly in plant leaves 
of Helianthus Annuus L [127]. 
Another important area in which LIBS has been extensively used is in situ monitoring of gas and 
particle emissions (heavy metals) originating from exhaust stacks, incinerators, industry, foundries, etc. 
Approaches reported in the literature indicated that these studies can be carried out by analyzing the 
particles deposited on a filter or directly by analyzing the cloud constituting aerosols [128]. However, indirect 
analysis appears to be significantly more efficient than direct analysis [129]. 
 
4.1.4. Security and forensic 
In the security field has been studied extensively the explosive detection and their residues, as well 
as, other military applications [25]. In last year, a considerable amount of literature has been published in 
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this topic, some review are indicated to provide further information [130, 131].  
The main advantages of LIBS that make it really interesting for these applications are quickness of 
analysis, potential field portability, the ability to provide characteristic spectral fingerprint information for 
classification and/or identification purposes, and, last but not least, the potential for the investigation of 
dangerous materials from a safe distance and/or in safe microscopic quantities. However, one of the main 
challenges in these applications is minimizing the effect imposed by surrounding atmosphere and the 
deposit substrate (e.g. organic, metallic, or polymer) that could contribute to the signal of N, C and O. First 
studies aimed to discrimanate among organic compounds were reported in 2001 [132]. In these works 
atmospheres of He and Ar were used to displace air, causing an increase in sensitivity. Most recently, a 
series of studies investigated the elimination of the effects imposed by the substrate and conditions used in 
LIBS analysis on the success of classification [133, 134]. The discrimination capabilities and robustness of a 
range of multivariate chemometric methods were also tested. 
LIBS has also been tested in a variety of other forensic investigations including fraud detection of a 
variety of industrial products [135], document discrimination [136], the study of human remains [137] or of 
samples taken from suspects [138] and soil fingerprinting [139]. The success of all these applications 
heavily relies on the performance of the multivariate chemometric methods used. 
 
4.1.5. Biomedical 
The beneficial use of LIBS when applied in biomedical field has been also outlined [140]. This is an 
important core of recent application. Just to cite some examples, the information contained in LIBS spectra 
has been used to differentiate types of tissue samples from chicken brain, lung, spleen, liver, kidney and 
skeletal muscle [141]. LIBS has been also used to diagnose the state of human teeth through the 
characterization of the elemental composition of their healthy and infected parts [142]. Furthermore, the 
application of LIBS for in situ quantitative estimation of elemental constituents distributed in different parts of 
renal‐ and urinary‐calculus obtained directly from patients by surgery [143] as well as to differentiate live 
pathogens (B. anthracis Sterne) strains, live vaccines (F. tularensis) strains, and UV‐killed hantavirus 
strains on substrates has been also evaluated [144]. In addition to this, the most important area to highlight 
is the in vitro possibilities and its effectiveness for the identification of both breast and colorectal cancer from 
frozen human tissues as well as determining the disease grade and severity have been also outlined [145]. 
In general, medical results published so far promise the development of novel LIBS-based clinical 
and point-of-care diagnostic instruments in the near future. 
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4.1.6. Space exploration 
The space exploration is an exotic LIBS application that highlights the versatility of the method. 
The application of LIBS to Mars exploration is closely related to its capability for standoff analysis and 
mainly focused on the identification and discrimination of minerals. 
Since 1990s, the viability of LIBS for planetary exploration has been studied. However, it was not 
until 2004 when the efforts of the LIBS community in the field of planetary exploration were recognized 
when a new LIBS instrument was selected for the mobile NASA Mars Science Laboratory (MSL) rover. The 
Chemistry and Camera instrument named ChemCam, is one of 11 science instruments onboard NASA’s 
2011 MSL rover named Curiosity. The main objective of ChemCam is determining elemental compositions 
of geological samples (rocks and soils) on another planet at distances from 2 to 9 m [18, 19]. Furthermore 
ChemCam supports MSL with 5 capabilities: I) remote active removal of surface dust and coatings or 
weathering rinds from rocks to determine their underlying composition through depth profiling; II) image of 
the targeted area to place the LIBS analysis in a geological context; III) a remote classification of rock and 
soil characteristics; IV) passive spectroscopy over the 240–905 nm range; and V) quantitative elemental 
compositions including light elements like hydrogen and some elements to which LIBS is uniquely sensitive 
(e.g., Li, Be, Rb, Sr, Ba, B, C, N, and O).  
ChemCam optimization was not an easy task and several papers were published about it [146, 
147]. First results of preliminary analysis of LIBS indicated that the spectrum is consistent with basalt, which 
is known from previous missions to be abundant on Mars. In addition to this, one of the findings of the 
ChemCam instrument along the Curiosity rover traverse on the Martian soil chemistry at the submillimeter 
scale has been the identification of two principal soil types: a fine‐grained mafic type and a locally derived, 
coarse‐grained felsic type [148]. 
 
4.2. LIBS in liquids  
The work presented in this Thesis lies in expanding the LIBS application area in a new 
environment unapproachable until now: submarine. Therefore, basic principles of plasma formation in this 
ambient are explained below. 
4.2.1. Basic principles 
In previous sections, laser-induced breakdown has been described in the case of solid targets in 
air, but it is a general phenomenon that can occur as well in liquids, as has been extensively reviewed in 
[29, 149]. However, due to peculiar structure of water, below the breakdown threshold, many phenomena 
can take place, including non-linear effects, molecule orientation and liquid contraction, electron hydration, 
Laser induced-breakdown spectroscopy: fundamentals and applications 
 
65 
 
laser filamentation and white light generation; as De Giacomo et al. [34]. The main effects when a laser 
beam interacts with bulk water below the breakdown threshold comprise: coherent scattering (stimulated 
Raman and/or Brillouin scattering), self-focusing, medium heating, and production of quasi-free electrons by 
photolysis [150, 151]. But at higher irradiances, the multi-photon excitation, inverse Bremsstrahlung and 
electron-impact ionization can indeed produce the breakdown of the medium, equal at what described in the 
case of solid samples [152]. Also, in the case of a laser pulse is focused on a target through a liquid, the 
main mechanisms responsible for the plasma formations are the same occurring during ablation in gas [34]. 
A difference can be indicated, the breakdown thresholds of liquids are usually higher than those of solids, 
because the cross section of laser absorption is lower in less dense media and the probability of initiating 
the plasma formation by multi-photon ionization decreases consequently. 
Once the plasma is created, it expands supersonically, driving a shock wave in the surrounding 
environment, and extinguishes after a given time. Nevertheless, due to the high density and nearly 
incompressible character of water in comparison with air it causes a severe plasma confinement. 
Consequently, the rate of recombination phenomena increase strongly. Thus, the plasma persistence is 
reduced to a few hundred nanoseconds. An extremely important post-breakdown phenomenon is induced 
by this fast release of energy to the water, namely, the formation of a cavitation bubble [149, 153]. The high-
temperature of a laser-induced plasma transfers a significant amount of its internal energy to the 
surrounding liquid, thus a layer of vapour is produced around the plasma volume. This vapour expands 
almost adiabatically, causing a growth of a cavity containing both the vapour and the diffused gas [152]. 
During the growth of the cavitationbubble, the pressure inside decreases both due to the volume 
enlargement and vapour condensation across the interface. In the maximum volume of bubble cavity 
expansion, the temperature inside approaches that of the surrounding liquid while the pressure is reduced 
at saturated vapour pressure (0.0233 bar for water vapour), much lower than that of the liquid [154]. In that 
point, the bubble begins to shrink, the inner pressure and temperature increase again until the rate of 
condensation cannot offset the volumetric reduction. The timescale in which the bubble expands and then 
collapses is on the order of hundreds microseconds, thus, order of magnitudes longer than the plasma 
duration itself [64, 155]. The maximum determined bubble radius is in the order of a few millimetres and it 
depends on laser pulse characteristics such as wavelength, output energy and focusing condition, pulse 
duration and the external pressure [34]. It is important to note that in last fast phase of the bubble collapse a 
rapid increase of the inside gas temperature and pressure, giving rise to a second shock–wave and to the 
re-expansion of the cavity. Some oscillations of the bubble cavity may continue for many cycles of 
expansion and collapse [154, 156].These temporal trends of pressure and temperature of the vapour in the 
bubble itself and the cavitation bubble evolution have been extensively investigated through spectroscopy 
and shadowgraph experiments, as well as through theoretical models (see [149] and references therein). 
Figure 7 (taken from Lazic et al. work [156]) shows a sequence of shadowgraph images in which the 
different phases of cavitation bubble evolution mentioned are represented.  
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Figure 7. Bubble evolution at different delays (in µs) from the ablative laser pulse: A) first expansion; B) first collapse; 
C) second rebound; D) third rebound (Figure from reference 156). 
 
It is important to mention that the differences to plasma formation process inside a liquid are 
related with the plasma confinement and the production ofcavitation effect. i.e. the vapor bubble. Regarding 
LIBS analytical capability in liquid environment, this strong interaction between the plasma and the 
surrounding liquid makes the emission spectra appear to be dominated by broad continuum. It is due to the 
radiative recombination and, more limitedly, to the Bremsstrahlung emission more pronounced than gas 
media [64].  
An additional complication that should be taken into account when pursuing in situ analysis of 
seawater or submerged objects is the effect of hydrostatic pressure on the LIBS signal, which becomes 
more and more severe upon increasing the depth. In this case, the confinement effects and quenching of 
plasma are even more pronounced than in liquids at atmospheric pressure, and the LIBS signal is degraded 
accordingly. Lawrence-snyder et al. and Michel have addressed this aspect in a series of papers in which 
LIBS is applied to pressurized solutions, with the aim of testing the technique as an in situ chemical sensor 
for deep ocean hydrothermal vents [157-160]. Other author such as Sakka and co-workers have focused 
the effect of hydrostatic pressure in bulk liquids [161] and even for immersed solid target [162]. But in this 
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case, authors use an alternative to common SP configuration. In such worksa long-duration nanosecond 
laser is used. A significant improves the quality of SP-LIBS spectra at high pressure is observed.  
In spite of these drawbacks and of its relatively low sensitivity compared to routine analytical 
techniques for liquids analysis, some features unique to LIBS have pushed research toward specific 
applications requiring in situ and non contact analyses of aqueous solutions as well as submergedsolid 
samples. In the specific case of aqueous solution, some single pulse (SP) alternative approaches have 
been proposed. It is mostly tackled avoiding the consequences of the liquid confinement. The most 
traditional approach is focusing the laser on the liquid surface, also with some specific precautions to limit 
splashing of the liquid and formation of aerosols over the liquid surface [163 and references therein]. Other 
possible solutions such as laser focusing on the surface of a vertically flowing liquid stream or formation of a 
liquid jet [163]; spraying to form micro-droplets [164, 165]; nebulization of the liquid into aerosols [166] have 
been evaluated. In all last approaches, the purpose was to eliminate the direct interaction of the plasma with 
the liquid and allowing it to expand in a gaseous environment. On other way, in the case of submerged solid 
samples, an interesting alternative that also avoids the expansion of bubble in liquid environment is using a 
gas flow that removes water from the surface to be analyzed. In such case, it is not necessary to create a 
cavitation bubble, but the gas purge flow supplied is responsible for removing the water from the sample 
surface to condition a solid-gas interface. Thus, all the disadvantages of working in a solid-liquid interface 
are avoided [21]. First LIBS underwater measures using a gas flow were reported by Beddows and 
colleagues in 2002 [167]. 
Nevertheless, sometimes these mentioned approaches are not possible to apply due to the 
analysis is necessary to carry in liquid media, in such way a growing interest have pushed research 
focusing in different excitation configuration. In this meaning, due to relatively low-boiling of water, the most 
efficient approach is probably the Double Pulse (DP) excitation. Since it was first proposed in 1984 [168] it 
has been successfully exploited not only in bulk liquids but also for the analysis of submerged targets. Next 
section discusin more detail the DP excitation approach to underwater application. 
 
4.2.2. LIBS excitation configurations inside liquids 
Emission intensity of the plasma produced inside liquids is generally lower than in gaseous 
environment due to several factors such as: absorption by the medium both of the laser and plasma 
radiation and their scattering on suspended particles and micro-bubbles, a fast plasma quenching in the 
dense medium and laser beam shielding by the high density plasma [34, 153]. On the other hand, the 
ablation rate inside liquids is higher due to major mechanical scavenging [169], however, the LIBS signal at 
equivalent laser excitation is significantly lower than in sample-gas interface. Furthermore, the spectral lines 
are strongly broadened and the continuum emission is very intense because of the high electron density 
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[34]. As results of these effects, a relatively poor signal in SP LIBS measurements is obtained, thus 
hindering the detection of minor and/or trace elements of the sample [149]. 
Under this circumstance and in order to improve the deficiency of LIBS in liquid, the uses of other 
configurations based on several controlled laser pulses (double-pulse and multi-pulse) have been 
suggested. In such cases, the first laser pulse produces a cavitation bubble, while the successive pulse 
ablates the sample and induced a second plasma inside the bubble. Considering that the duration of LIP in 
the bubble is of a few microseconds, while the life-time of the bubble is in the order of a few hundreds 
microseconds, the plasma obtained by the second pulse can be considered as expanding in a stationary 
environment induced by the first laser pulse [64, 170]. As explained in [149], this assumption will depend on 
the bubble expansion rate. Generally a more efficience second plasma is achieved in a re-excitation 
moment around the maximum expansion of bubble, in contrast to the initial stage of expansion and final 
stage of collapse, when the rate at which the bubble changes its parameters is high. Thus, it is not 
surprising that the most important parameter in the case of DP configuration in liquid environment is the 
interpulse delay time between pulses. In fact, adjusting the inter-pulse delay between the laser pulses, it is 
possible to select the bubble conditions where the laser induced plasma expands achieving an emission 
enhancement. In Figure 8, taken from reference [149], this influence of delay time between the lasers 
pulses associated to LIBS emission can be observed. They indicate that such experiment was carried on Ti 
sample submerged in water acquiring five time-integrated DP-LIBS spectra at the same delay time but at 
 
 
Figure 8. DP-LIBS emission spectra of Ti in water at different interpulse delays (Nd:YAG 7 ns ablation lasers: 1st 
pulse=532 nm, fuence=0.51 J/cm2; 2nd=532 nm, fuence=6 J/cm2). (Figure from reference 149). 
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different interpulse delays. As they explained, using an interpulse delay too short (Δt = 700 ns) or too long 
(Δt = 160 µs) does not produce an improvement in LIBS signal, both spectra are similar to using a SP 
configuration. However, for an interpulse delay of 90 µs, that corresponds to the maximum expansion of the 
cavitation bubble when the plasma expands in the bubble, an increase of the spectral resolution and 
enhancement in LIBS signal is observed. 
In conclusion, the above discussion has pointed the importance of selecting the appropriate delay 
between the two pulses for underwater application. The time delay yielding the maximum expansion is more 
suitable for enhancing the emission spectrum sensitivity. In this direction as it is detailed in literature [153], 
using a DP optimized configuration, for some elements directly analyzed from bulk waters have been 
achieved detection limits below 1 ppm, and in order of 100 ppm for different elements from submerged 
metallic samples. 
It is important to note that as commented in last section, an increase of the hydrostatic liquid 
pressures leads to a smaller radius and to a shorter lifetime of the cavitation bubble [157-160]. Thus, the 
interpulse delay optimization in DP laser excitation becomes even more critical, moving to shorter intervals 
the optimum value. The corresponding inner bubble pressure and temperature are higher and the 
conditions approach those of the SP laser excitation. This causes the second plasma to expand in 
andinteract with a gaseous environment whose conditions become less and less favourable for the 
emission of well-resolved spectra. For these reasons, DP LIBS loses efficiency at high liquid pressures 
[153, 160]. However, the reference [158] suggests that the pressure range for the LIBS signal enhancement 
by DP excitation might be achieved by an increase of the first pulse energy or by multi-pulse laser 
excitation, the both aimed to obtain a larger vapour bubble. Chapters 7 and 8 of this thesis will discuss this 
topic in greater detail. 
Another alternative to improve the capability of LIBS analysis in liquid is the use of a long-duration 
nanosecond laser source. Recently, Sakka et al. and Takahashi et al. [57, 171-172] evaluated the effect of 
pulse duration in the laser ablation of a Cu target in water. Shadowgraphy images revealed that long pulses 
(150 ns) were more favorable for LIBS analysis. Under these conditions, the relatively slow heating of the 
plume causes a larger and less dense plume, and consequently, the spectral emission shows less 
broadening and a weaker continuum. Thus, the emission can be fairly intense, and the surface damage is 
minimized in comparison with a common SP approach. 
 
4.2.3. Applications 
Within the broad range of LIBS applications, there are some particular areas specifically for liquids 
media. In a graphical manner, a summary of liquid environment application in which LIBS has been 
susceptible of being considered is projected in Figure 9. 
In this vein, a short outline of such particular application fields is presented below. 
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Figure 9. Main applications fields of LIBS in liquid. 
 
 Environmental 
From the environmental point of view, LIBS in liquid media is particularly interesting with respect to 
well-established techniques for liquids analysis such as ICP-OES [173] due to the possibility of planning on-
site and remote applications dedicated specifically to monitor the concentration of metals in wastewaters 
from industrial plants and in seawater. As is the case of detection of Cr by a system equipped with a fibre-
guided suitable for distances of up to 50 m between measurement system and detection sensor, reaching a 
limit of detection over 200 ppm [174]. Moreover, De Giacomo et al. have been checked also several 
elements such as in bulk aqueous solution for Al, Na, Ca and Li in bulk aqueos solutions [64]. However, as 
discussed in section 4.2.1 focusing a single laser pulse through a liquid bulk does not usually provide 
suitable analytical signal, but low emission spectra mainly dominated by a continuum background radiation. 
The technique need to improve in this aspect. Despite of this, several alternatives has been employed to 
detect the elements composition of wastewater samples. For example, Hussain and Gondal [175] have 
developed a LIBS system for the analysis of Ca, Mg, P, Si, Fe, Na, and K in wastewater from a dairy 
product plant. They focused the beam laser on the liquid surface contained in a suitably designed cell. This 
approach using a relatively high energy laser pulses (100 mJ) provided accurate analytical results that were 
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in good agreement with those obtained with ICP-OES. A liquid jet configuration to detect Cr in wastewater 
from electroplating industries was used by Rai et al. [176]. In this case energy pulses of 120 mJ were 
focused just below the surface of a solution stream from a Teflon nozzle to produce a plasma at its front 
surface. LIBS results obtained were in good agreement with atomic absorption spectrometry data. Rai et al. 
[177] also explored the effect of additional elements like Cd and Co in the Cr contaminated water. Limit of 
detection (LOD) for Cr was determined to be 1.1, 1.5, and 2.0 ppm in unitary, binary, and tertiary matrix, 
respectively. Furthermore, a similar configuration was also evaluated for the analysis of toxic metals Pb and 
Cd in aqueous solutions by Sadegh et al. [178]. 
 Cultural heritage 
In the past decade, LIBS has become a valuable analytical tool for cultural heritage. The 
combination of main features to LIBS such as no sample preparation, minimally destructive, fast analytical 
response, depth profiling analysis, and the capability for in situ analysis; makes it a very attractive technique 
for the characterization and conservation of archeological samples, artworks, and other important materials 
[28].  
A particular interest is growing in the in situ characterization of archeological materials from the 
marine environment. The possibility of obtaining some information about the findings would be of primary 
importance prior to planning recovery activities and taking decisions about whether the object should be 
moved or not. Certainly, extraction of submarine assets is quite often not practical and/or not permitted, thus 
making the development of analytical technology for submersed material a particularly appealing activity. In 
this way, a first approximation was carried out by De Giacomo et al. group [179]. A bronze standards 
immersed in seawater were analyzed in a home-made cuvette with two collinear laser pulses focused 
through the liquid bulk. The quantitative analysis was obtained with the calibration line method and gave 
satisfactory results, as compared to similar ones performed in air. A progress continued was observed in 
Lazic et al. work [180], in which using a similar approach, a qualitative analysis was successful and allowed 
for the material recognition for a wide range of materials potentially could be find in the undersea 
archaeological site, such as iron, copper-based alloys, precious alloys, marble and wood. Most recently, 
Guirado et al. [21] provided a new solution for this working area and demonstrated for the first time the 
analysis of submarine archeological materials using a remote LIBS instrument. The mode of operation relies 
on a basic LIBS assembly (laser, spectrometer, optics and electronics and control system) operating on the 
deck of a vessel. The remote LIBS unit is extendable by means of a fiber optic probe that is operated 
underwater, guided by a trained diver. The laser beam travels through an umbilical cord to the target and 
also delivers a stream of pressurized air that removes water from the surface to be analyzed. This fact 
permits to generate and expand the laser-induced plasma in air and not in water that is well known to 
quench plasma emission. The same fiber optic probe captures the emitted light and transmits it to the 
detection system. The capabilities of remote LIBS instrument for in situ analysis of underwater archeological 
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objects was demonstrated onsite a trials on the Mediterranean Sea in which the chemical signatures of 
ceramic materials, metallic samples, and precious metals were acquired at depths of 30 m. Guirado et al. 
[104] have also proposed a new prototype base in multi-pulse excitation. This fact improved the 
performance of the equipment in terms of energy transmitted through the optical fiber, range of analysis (to 
a depth of 50 m) and variety of samples to be analyzed (i.e. marble, ceramic, concrete etc). 
It is important to indicate that the work presented in this thesis seeks to contribute our grain of sand 
in this interesting area. A huge part of work has been focused on improving the capabilities of the last 
prototype mentioned. Moreover, some first preliminary studies aimed at evaluating the potential of the 
technique to increase the range of depth in which an archaeological site could be analyzed have been 
carried out. In this case two collinear laser pulses focused through the liquid configuration had been used. 
 Oceanography 
An interesting application, in first instance proposed by Lawrence-Snyder et al. and Michel et al. 
[157-160], is the use of LIBS as a chemical sensor at high liquid pressures simulating oceanic depths. They 
dedicated a series of papers with the aim of testing the technique as an in situ sensor for identification of 
hydrothermal vents. Clearly the quenching and confinement effects are in this case even more pronounced 
than in liquids at atmospheric pressure, limiting the lifetime of the bubble itself and the temporal windows 
when the analysis can be pursued, consequently, the LIBS signal is degraded. Despite of this, due to the 
hydrothermal vent, whose emitted fluids can be observed only in situ, because irreversible changes would 
occur if they were moved from underwater to a common laboratory; LIBS in the cavitation bubble appears 
as the only possible choice for the analysis. Authors evaluated the optimal experimental conditions for LIBS 
detection of five critical elements (Na, Ca, Mn, Mg, K), such as delay between the laser pulses, background 
pressure, pulse energies and acquisition gate time. Studies were performed up to 270 bar. On the other 
hand, the use of a long-duration nanosecond laser source has been reported as significant improves the 
quality of SP-LIBS spectra [21], even for immersed solid targets [162] for oceanography application. Based 
on these studies, the University of Tokyo incorporated a long-pulse laser in a cylindrical probe mounted in 
the articulate arm of a remotely operated vehicle (ROV) [111]. This prototype was tested for close-contact 
multielemental analysis of both seawater and mineral deposits at depths of over 1000 meters. 
 Nanoparticle production 
One of the most studied and innovative applications of laser-induced plasmas in liquid environment 
are addressed to the generation of nanoparticles (NPs) by laser ablation of submerged solid samples [181]. 
It is due to conceptual and instrumental intrinsic simplicity of liquid phase-pulsed laser ablation (LP-PLA) 
shares with LIBS, because it virtually requires only a laser source and a reaction vessel where the 
submerged target is irradiated. Furthermore, if the employed liquid is water, NPs can be directly obtained in 
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a safe, environmentally friendly, biologically compatible and cheap solvent. Different kinds of NPs have 
already been obtained and also an evaluation of the experimental parameter such as pulse duration, 
wavelength and repetiton frequency as well as liquid pressure have carried out. A wide range of material 
have been produced from colloidal solutions of noble metals [182] and metal oxides [183] to carbon 
nanotubes [184], nanodiamonds [185], and other carbon-based materials, also in various organic solvents 
[186]. In addition to this it important to note that the extreme conditions reached in the cavitation bubble, has 
a capital importance in driving the process of NPs production. In particular close to its collapse phase are 
believed to be responsible for the ejection of material from the target and formation of the colloidal 
dispersion. In such way, the interaction of the plasma with the liquid could be for example to promote 
functionalization of the metal nanoparticles ablated in suitable solvents. And also, the pressurized solution 
effect has been evaluated [184]. 
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1. Overview 
The characterization of underwater cultural heritage has become, over recent years, one of the areas 
of greatest interest in archaeology [1]. As described in Chapter 1, an enormous amount of historical 
information is stored not only at the deep of seas and oceans, which are the most common archaeological 
sites, but also in other enclaves such as rivers, lakes, and swamps [2-3]. However, extracting of information 
from these archaeological sites is not a trivial task. Normally, the remains are hardly visible since they are 
integrated into the natural surrounding because of their deterioration and of deposition of sediment material 
as time passes. Furthermore, sometimes the pieces may not be removed from the site due to logistical 
problems, such as their huge scale. Preserving the integrity of the piece as well as institutional constraints 
and additional bureaucratic requirements are also some of the reasons why these assets must remain in their 
current placement. Despite this, while it is essential to study, protect and preserve these assets, the UNESCO 
[4] considers the in-situ preservation of underwater cultural heritage as “the first option before allowing or 
engaging in any activities directed at this heritage”. Thus, the direct analysis of the materials in the same 
place where they are discovered turns into the only alternative for obtaining information about these objects. 
Once discovered any remains, the chemical characterization of these pieces in their context may provide 
clues to identify their origin and to date the wreck. 
Despite of analytical demand, only those sensing methods based on laser technology are aimed for 
the in situ chemical analysis of submerged materials. In fact, as described in Chapter 2, Laser-Induced 
Breakdown Spectroscopy (LIBS) is the only analytical method that combines many of the sought features in 
the oceanography field including multi-elemental information, no sample preparation, unlimited range of 
material capability and real time analysis [5]. In this sense, what solutions does LIBS propose? Several 
alternatives/configurations are aimed to adapt LIBS technology to the marine environment. Figure 1 
schematically represents the two proposed alternatives in this Doctoral Thesis, a) a remote-LIBS instrument 
based on the transmission of laser radiation using an optical fiber cable operated on board in an auxiliary 
vessel; and b) a standoff-LIBS instrument that involves the delivery of a focused laser pulse toward the distant 
target through the aqueous media and then the transmission of the light emitted by the laser-induced plasma 
back to the detection system.  
The present chapter encloses a deep description of the experimental alternatives that have been 
used to perform the research works, divided in two main parts. In Part I (Chapters 4-6),a remote-LIBS 
instrument, named AQUALAS 2.0, based on the transmission of laser radiation using an optical fiber cable 
operated on board in an auxiliary vessel. This prototype has been entirely designed, engineered and 
operatively adapted at the University of Málaga during the last 4 years. A complete description of each of the 
subsystems integrating AQUALAS 2.0 is also provided in this chapter. Finally, in Part II (Chapters 7-8) the 
effect of oceanic pressure on LIBS is investigated in order to evaluate the possibility of design a standoff-
LIBS instrument that involves the delivery of a focused laser pulse toward the distant target through the 
aqueous. For this purpose, a high-pressure chamber has been constructed. 
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Figure 1. Schematic representation of two alternative configurations to adapt LIBS to the marine environment. 
2. Remote LIBS sensor based on fiber optic transmission 
The present Partof the Doctoral Thesis describes the prototype AQUALAS 2.0, a laser-based sensor 
specifically designed for the remote chemical analysis of submerged materials. This prototype is a new 
version of a previous effective device [6], with extended technology that allows performing LIBS analysis 
using either single- or multipulse- excitation. Furthermore, this advanced sensor is more compact, more 
robust and with an optical module more accessible, which facilitates maintenance and repair work. 
The AQUALAS 2.0 prototype is based on a modular design with three well-defined parts: a main 
unit, a hand-held probe fitted to an umbilical cable of 50 m length, and an energy supply auxiliary unit. Figure 
2 shows the different parts that constitute AQUALAS 2.0. As indicated, the main unit comprises the laser 
power supply, the optical module for laser–fiber coupling, and the data acquisition module. This main  
 
 
Figure 2. Overview of AQUALAS 2.0. 
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unit has an overall weight of 150 kg with dimensions of 81 × 86 × 126 cm3. The technical characteristics of 
the instrumentation hosted in this unit are detailed in Table 1. Figure 3 shows a pair of photographs of the 
sensor in its "compact" and "deployed" modes for transportation and operation, respectively.  
Along this section, the different systems and integrated subsystems in the prototype will be described 
according to the actuation hierarchy in the different stages of the analysis process as follows: the optical 
module, in which the laser-fiber coupling occurs; the transmission of laser radiation and protection gas across 
the umbilical cord, the LIBS probe, and the data acquisition module, where plasma light is spectroscopically 
resolved and the analytical information is processed. 
 
2.1. Optical module 
The optical module is the key component of the prototype, since it is upon which laser-fiber coupling 
stage takes place. Figure 4 depicts the layout of the optical components to fit laser radiation to the fiber-optic 
cable and, in parallel, to gather and to guide the plasma light towards the spectrograph. First, the laser head 
(Q-switched Nd:YAG laser, Brilliant, Quantel, France, operating at 1064 nm) produces the laser radiation. 
The laser beam is guided by a 1064 reflecting mirror (M1) and then focused by a plano-convex lens (L1) to 
the input of the optical fiber. Laser radiation travels through a pierced mirror (M2) with a channel of 5 mm 
diameter. M2 is positioned at 45º with respect to the propagating axis of the laser radiation. This optical  
 
Table 1. Technical and structural characteristics of the underwater analyzer. 
 
 
 Description 
Dimensions (width x length x height) 86 x 81 x 126 cm 
Weight 150 Kg  
Opticalfiberlength 50 m 
Opticalfiberdiameter 600 µm 
Powerconsumption 2300 W 
Laser Q-Switch Nd:YAG(Brilliant, 
Quantel, France) 
Wavelength 1064 nm 
Repetitionfrequency 20 Hz 
Pulse width 22ns (adjustable 7-40 ns)  
Maximumenergy per pulse 400 mJ SP-LIBS 
Input maximum energy to optical fiber 85 mJ (FWHM=22ns) 
Output maximum energy from optical fiber 65 mJ (FWHM=22ns) 
Spectrometer Czerny-Turner, 
Avantes, Avaspec-2014, 
USB2 model 
Diffraction grating Holographic 1200 l/mm 
Spectral resolution 0.1-0.2 nm/pixel 
Spectral range 300-500 nm 
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Figure 3. General overview of AQUALAS 2.0 prototype (A) in its "compact" mode for transportation; (B) in its 
"deployed" mode to operate with. 
 
element is responsible for collecting the light from the plasma generated and sends it to the spectrometer. 
Before M2, the laser beam was focused by L1, and then is fed into a fiber-optic cable without cladding 
mounted in axyz stage (all-silica, high-OH, UV-grade fiber, 55 m length, 550 µm core diameter and 0.22 N.A). 
In this point, the laser beam is transmitted through a 55-m long optical fiber cable sheltered inside an umbilical 
cord which connects the hand-held probe with the optical module. At the end of the fiber, the hand-held probe  
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Figure 4. Main components of the optical module. 
focuses the laser beam onto the sample surface by an appropriate optical configuration that will be described 
in the next section. The plasma light is collected and returned through the same optical fiber, reflected from 
the pierced mirror and then focused by a pair of biconvex lenses (L2 and L3) into the spectrometer fiber-optic 
cable (2 m length, 600 μm diameter and N.A:0.22). Figure 5 shows a diagram with the sequence described. 
Furthermore, the characteristic of all optical components are detailed in Table 2. It is important to mention 
that L1, L2, L3 and the optical fiber support are located over xy stages to facilitate the alignment. 
Laser head is located over a height adjustable platform. Laser head and all the optical components 
were assembled on an optical table (44 X 66 X 0.4 cm; M6 drill hole each 2.5 cm). In addition, the optical 
table was supported by a set of 8 silentblocks in order to minimize vibrations on the optical table. A 
methacrylate structure covers the optical set to prevent the deposition of aerosol particles from the marine 
environment. On the other hand, the laser power supply was fixed on the based structure under the optical 
table. 
A critical component in the optical module is the optical fiber. A correct alignment of the optical fiber 
is necessary to achieve the maximum performance of the equipment. Furthermore, it is recommended to 
place the fiber a few millimeters behind the focal point in order to reduce the irradiance deposits on fiber  
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Figure 5. Optical lay-out corresponds to optical module and hand held probe. 
end and avoid the risk of rupture. Also, it is also recommended to polish the fiber in order to eliminate possible 
structural defects; the laser-to-fiber coupling will be more efficient and will prolong the fiber lifetime. 
Table 2. Characteristic of all optical components indicated in Figure 5. 
 
Component Diameter (mm) Focal length mm) Features 
L1 25.4 100 UVFS bi/cx lens 
L2 50.8 100 UVFS pl/cx lens 
L3 50.8 100 UVFS pl/cx lens 
L4 25.4 40 UVFS bi/cx lens 
L5 25.4 25 UVFS bi/cx lens 
M1 25.4  Mirror, High energy 
R >99% @ 1064 nm 
M2 50.8  45º Pierce mirror 
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2.2. Optical fiber, umbilical cord and gas supply protection 
The optical fiber used in the system has a core diameter of 550 μm. Its characteristic attenuation 
curve is shown in Figure 6. It should be taken into account the spectral region in which our spectrometer 
works, 300-560 nm and the laser wavelength, 1064 nm. As observed, in range of 400-560 nm the attenuation 
presents a value below 10 dB/km. However, the attenuation increases abruptly at wavelengths lower than 
400 nm. The optical fiber is silica and has a high content of hydroxyl group to minimize the effect of 
solarization. This phenomenon is the appearance of atomic defects due to the action of UV radiation, which 
causes a loss in efficiency of transmission of radiation through the fiber. The high content of OH groups largely 
avoids this problem. It should be noticed that sometimes, as mentioned in the previous section, it is 
unavoidable that the optical fiber can be broken by an excess of energy, poor alignment or fiber degradation. 
This means that occasionally the fiber should be cut and polished again, consuming a fiber portion. To solve 
this problem, there are 5 meters of fiber stored inside of the main module, in order to ensure maintenance 
(Figure 7A). The remaining 50 m are canalized through an umbilical cord (hydraulic hoses with an internal 
diameter of 5/15”; stainless steel connections at each end and can support up to 350 bar pressure) that is 
rolled up on an external support of the equipment for its easy deployment and transportation (see Figure 7B). 
On the other hand, the umbilical cord also canalizes/supply the protection purge gas during the 
underwater analysis. The main function of this protection gas is to remove the water from the sample surface 
and avoid the water enter inside the LIBS probe. In this meaning, it is necessary to take into account that the 
 
 
Figure 6. Attenuation of laser radiation through the optical fiber as a function of its wavelength. Source: 
Thorlabs. 
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Figure 7. A) optical fiber support to store 5 meters of fiber inside of the main module; B) external support of 
umbilical cord which canalizes the remaining 50 m of fiber. 
difference in pressure between the inside and outside of the LIBS probe must never be less than 1bar. The 
protection gas input in the system is carried out through an interface that is shown in Figure 8. The gas travels 
inside of tube (internal diameter of 4 mm) which is attached to a non-return valve through an instant fitting as 
shown Figure 8A. Before entering into the umbilical, gas passes through a filter in order to remove the humidity 
 
 
Figure 8.A) general overview of gas input interface and anti-humidity filter; B) swivel piece located between gas 
input interface and umbilical cord. 
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of air. Furthermore, between interface and umbilical cord was introduced a swivels as observed in Figure 8B 
in order to avoid knots rolling and unrolling. 
 
2.3. Hand-held probe 
At the end of the fiber, the hand-held probe focuses the laser beam onto the sample surface by an 
appropriate optical configuration. A photograph of the probe is shown in Figure 9. The optical system in the 
probe seriously influences the performance of the fiber-based LIBS system. Thus, the optical configuration 
consisting of a pair of lenses is the most widely used in the literature. Davies et al. [7] and Cremers et al. [8] 
used a system formed by two identical lenses. In our particular case, after some study, an alternative to this 
approach was the use of a pair of lenses with different focal length. This configuration has been proposed by 
several authors [9-11]. The optical system is composed by L4 (collimating): 40 mm focal length and L5 
(focusing): 25 mm focal length. The characteristics of the optical components aredetailed inTable 2, included 
in the section 2.2. As known, the laser radiation is diverged at the end of the optical fiber cable. The use of a 
collimating lens with longer focal length specifically increases the diameter of the collimated beam, thus 
reducing the spot size (450 μm) over the sample surface.  
A scheme of the different parts that constitute the hand-held probe is represented in Figure 10. 
Figure 10A shows the external casing of the LIBS probe that was built with ARNITE®. This material 
polyethyleneterephthalate was chosen for its high dimensional stability and excellent wear resistance. Then, 
Figure 10B represents a longitudinal cut of LIBS probe where all components are detailed. Additional 
information and more details are included in Figure 11. A drawing of probe without casing is shown in Figure 
10C in which it can be see an internal cylinder constituted by the attached system of the optical fiber (C`) and 
the optical system (C"). The attached system of the optical fiber has two functions: fixing the optical fiber and 
canalizing the purge gas flow from the umbilical. It is important to mention that the gas flow travels  
 
 
Figure 9. Photographic of the hand-held probe. 
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Figure 10. Hand-held LIBS probe. A) external case; B) longitudinal internal section detailing the optical components; 
C) hand-held LIBS probe without case, C’ is the cylinder to attach the optical fiber system, C” is the cylinder to 
attach the optical components. Image provided by the Machining Service of the University of Málaga. 
through the space between the external casing and internal cylinder until a conical end. Then, the gas is 
canalized by a cone with a hole of 2 mm diameter. This cone allows to adjust the lens-sample distance in 
order to optimize the focus of the laser radiation on the sample surface. This part of the LIBS probe is in  
 
Figure 11. Components details of the hand-held LIBS probe. Image provided by the Machining Service of the 
University of Málaga. 
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close-contact with the surface of the sample during the analysis (see Figure 12). Finally, as shown in the 
optical layout of Figure 5, plasma light is collected and guided to the optical module through the same optical 
fiber. 
 
2.4. Data acquisition module, spectrometer and results display 
Plasma light is collected and guided to the optical module through the same optical fiber. Then, it is 
focused by a system of two lenses on a collection optical fiber that connects the optical module with the data 
acquisition module (see Figure 5 and Table 2). The data-acquisition module, consisting of the spectrometer, 
the video converter and the PC components, was installed in the main unit as shown in Figure 13B. A 
pulse/delay generator which externally controls the system (Stanford Research Systems DG535 model) and 
a sun-readable monitor (22 inch) were also configured within this module as is represented in Figure 13A. 
The spectrometer is a crossed Czerny–Turner design with a holographic diffraction grating of 1200 
groove/mm (Avantes, AvaSpec-2014-USB2 model). This configuration provides a spectral resolution of 0.1–
0.2 nm/pixel in the spectral range of 300–550 nm. Then the information obtained by the spectrometer is 
processed in the PC. A data management software was designed in MATLAB for our group in order to process 
the data at real time. 
Regarding the results display, the information is sent to a video converter installed in the PC. This 
allowsshowing at real-time LIBS spectra simultaneously in both, a 22 inch, sunlight readable monitor installed 
in the front part of main unit, and in a 5.4 inch submersible monitor specially designed for the diver, and 
connected to the main unit by a 50-m long cable. Figure 14 shows a LIBS measurement in which the spectrum 
is observed at real time in the submersible monitor. 
 
 
Figure 12. Laser-induced plasma during an underwater analysis of a lead sheet. 
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Figure 13. Data acquisition module. A) pulse delay generator and sun-readable monitor; B)spectrometer, PC and 
video converter. 
2.5. Auxiliary module 
AQUALAS equipment has a totally energetic autonomous to work in field operation. For this purpose 
an auxiliary module which provides both power and air flow, required for underwater analysis, was 
constructed. This module was constructed in a robust structure (123 X 60 X 67 cm3) and containing an air 
compressor, an external power generator and uninterruptible power supply (UPS). These components are 
shown in Figure 15. 
The air used like purge gas is obtained cheap, inexhaustible and easily transported through the 
portable air compressor, which is able to provide up to 8 bar pressure.Problems associated with the transport 
of helium and argon containers and the high cost of them are solved in this way. The external power generator 
has inverter technology and 3500W power allowing 8 h of continuous operation of the LIBS instrument without 
 
 
Figure 14.A) LIBS measurement in which the spectrum is observed at real time in the submersible monitor; B) 
Zoom of submersible monitor. 
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Figure 15.Auxiliary module components. An air compressor and UPS are located up level while the power 
generator is placed in down level. 
refueling. Last, the uninterruptible power supply works with a battery that keeps the power supply to the 
equipment during 10-15 min, if suddenly the power generator is turned off allowing to extract the LIBS probe 
of the sea without the water enter into the probe. 
 
2.6. Fiber-based system approach 
2.6.1. LIBS excitation configuration 
In this section, we will focus on the different LIBS excitation configuration, in order to increase the 
threshold damage of input laser energy into the optical fiber; and at the same time, achieve an increase the 
energy transmission. AQUALAS 2.0 was designed integrating both configuration, single pulses (SP) as multi-
pulse (MP). First instance, the use of multi-pulse excitation could allow introducing a higher laser radiation 
through the optical fiber. Briefly, the MP generation and characterization will be described below. 
 Generation and characterization of Multi-pulse 
For a train of multi-pulse (also known as multi-spikes) it is necessary to advance the opening time of 
the Pockels cell regarding the optimal point of maximum power of the laser by external synchronization thereof 
with a pulse generator and delays. A temporal scheme of the sequence is represented in Figure 16.This 
effect, recently reported [12, 13], could be explained by a relatively slow (about 80–100 µs) electronic closing 
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of the Pockels cell and by its fast opening when the laser resonator is only slightly above the lasing threshold. 
This allows the population inversion to build up again above the laser threshold during the flash lamp and 
before the Q-switch (QS) is fully closed. The MP phenomenon occurs only in a certain time, in ourparticular 
case, when the QS delay is less than 140 µs. It is due to the fact that above this value, the laser becomes 
stable enough to close the Pockels cell quickly, avoiding the emission of these spikes after the main pulse. 
When the opening moment of the Pockels cell is progressively before to 140 μs, the time to generatemultiple 
pulses is increased. Thus, an increase in the number of spikes that constitutes the laser pulse is obtained. 
The number of spikes varies between 2 and 11. The maximum total duration of the pulse train was over  
 
 
Figure 16. Temporal scheme of multipulse effect generation. 
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70 μs, and the energy of each spike of the laser burst was stable to 20–30% relative standard deviation 
(RSD). In addition, the RSD for the pulse ratio (i.e., spike 2 to spike 1, spike 3 to spike 2, and so on) was 
around 1–2%. In contrast, QS-delay settings beyond 140 μs represent the classic SP regime. Figure 17 shows 
the monitoring of pulse trace by an oscilloscope (Tektronix DPO 7104) using a photodiode (Thorlabs DET10C) 
for our working conditions, a pulse of QS-delay 140 µs (case of SP) and a QS-delay 118 µs (MP effect). On 
the other hand, as explained in Guirado et al. work [12], the pulse width (full-width at half-maximum, FWHM) 
for the first spike was found to depend on the QS-delay, whereas the pulse width in the remaining spikes was 
40 ns. In SP regime, the pulse width was 7 ns. Concluding, the number of spikes, their amplitude and the 
total pulse energy will be variable for different delays in the opening of the QS shutter of the Nd:YAG laser. It 
suggests that the QS-delay must be optimizing for each experimental set-up. For AQUALAS 2.0 equipment 
has been evaluated the FWHM for the first spike and the pulse energy laser in function of Q-switch delayusing 
a voltage of Flash-lamp (1292 V). The results are represented in Figure 18. The best condition for AQUALAS 
2.0 in function of breakdown threshold of optical fiber has been established at 118 µs QS-delay obtaining an 
energy pulse of 85 mJ and 22 ns pulse duration of first spike. 
 Comparison of optical fiber transmission using multi-pulse sequence and single pulse  
Increased transmitted laser beam energy is almost mandatory for the real time analysis of an 
underwater object. In the first generation of remote LIBS instruments [6], the damage threshold of the  
 
 
Figure 17. Monitoring of pulse trace by an oscilloscope using a photodiode at a QS-delay 140 µs (SP-LIBS) and a 
QS-delay 118 µs (MP-LIBS). 
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Figure 18. Fist spike characterization in the range of MP effect, FWHM and pulse energy laser for a voltage of flash 
lamp to 1292 V. 
optical fiber (high- OH, UV- grade fiber, 550 μm core diameters) was 30–35 mJ/pulse using a typical 7 ns 
pulse and SP configuration. The maximum input laser energy did not exceed 32 mJ/pulse which together with 
a transmission of 50% limited the energy at the target to ca.15 mJ/pulse. This circumstance restricted the 
variety of samples to be analyzed underwater. However, the second generation of remote LIBS instruments 
introduced the employment of a multi-pulse excitation scheme; and the maximum laser radiation that can be 
delivered through the optical fiber is approximately 4-fold larger as compared at SP. In this case, although 
the characteristics of the optical fiber are the same to that published in [6], the pulse width is 22 ns in the 
multi-pulse configuration (higher in comparison with SP configuration), facilitating the transmission through 
the optical fiber up to 74%. Although the 55 m optical fiber cable produces attenuation of the plasma light 
below 350 nm and may affect the plasma light collection, the transmission in the VIS region is fairly good. 
The enhancement in the intensity ratio between MP-LIBS and SP-LIBS operating at the same target and 
irradiance is shown in Figure 19. 
 
2.6.2. Optical fiber LIBS system 
Prior to the design and development of prototype AQUALAS 2.0 it was necessary to evaluate the 
transmission of laser pulses through an optical fiber cable. In this meaning, some factors such as fiber  
Experimental 
107 
 
 
Figure 19.Comparative LIBS spectra between MP-LIBS (QS-delay: 114 µs; Energy: 60 mJ/pulse) and SP-LIBS 
(QS-delay: 140 µs; Energy: 24mJ/pulse) configurations for an iron-based material. Both spectra were acquired at 
the same irradiance value, 1.89GW/cm2. Figure provided by ref 14 with permission of authors. 
 
attenuation, the core diameter and the length of the optical fiber could influence the optical transmission and 
should be taken into account.In order to evaluate some of these mentioned parameters an experimental setup 
for guiding the laser pulse through the optical fiber was designed. Figure 20 shows a schematic diagram of 
the experimental set up where the optical system is composed by a focusing lens L1: 100 mm focal length. 
 
 Influence of core diameter of the optical fiber on transmission efficiency 
One of the most important aspects in the optical fiber is the amount of laser radiation that can be 
transmitted. Figure 21 shows the transmission efficiency of laser radiation through an optical fiber cable of 1  
 
 
Figure 20. Experimental set-up used in the transmission of laser pulses through an optical fiber. 
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Figure 21. Transmission efficiency of the optical fiber core of 1000 and550 µm. 
meter length. In this case, two core diameters at 1000 and 550 µm have been evaluated. The experiment 
was carried out using a SP configuration varying the input power into the optical fiber in a range from 11 to 
45 mJ. Figure 21 shows laser energy values taken at the end of the optical fiber versus the to the input pulse 
energy. As shown, a linear increase in transmitted energy is observed until an input value of 45 mJ /pulse. 
Due to the damage threshold of the optical fiber cable for SP configuration, the maximum input power should 
not exceed 40-50 mJ / pulse. 
The results indicated that the transmission efficiency (between the input and output of the fiber) is 
80% for fiber core of 1000 µm and 72% for the fiber core of 550 µm. Thus, it is clear that a larger size core 
improves transmission efficiency. However, this increase is not significant considering the high cost of optical 
fiber cable core of 1000 µm. Therefore, to prototype development a fiber core of 550 µm was selected. 
 
 Maximum depth for an optical fiber LIBS system 
As explained in the previous section (2.6.1), in our next generation of underwater LIBS system [14], 
the employment of a multi-pulse excitation scheme improved the performance of the instrument in terms of 
energy transmitted through the optical fiber. The maximum depth a fiber-based LIBS system is sketched in 
Figure 22. The same experimental system, detailed in this section, was utilized but in this case using a MP 
configuration. As seen, the length of the fiber-based system strongly depends on the transmission of the laser 
radiation through the optical fiber. Referring to the specifications of the optical fiber used, at the laser  
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Figure 22. Maximum depth in an optical fiber LIBS system. For MP-LIBs, the input irradiance was 2.4 GW/cm2. The 
trend curve (dashed line) for the transmission values experimentally measured at 1, 5, 10 and 55 meters fiber 
length are also plotted in the graph. 
wavelength of 1064 nm, the transmission of 1-m. long optical fiber is 99.4%. The irradiance at the target 
associated to each energy transmitted is represented in the right axis. In the graph,an input irradiance of 2.4 
GW/cm2 was considered. This irradiance value was just below the damage threshold of the fiber. The trend 
curve (dashed line) for the transmission values experimentally measured at 1, 5, 10 and 55 meters fiber length 
is also plotted in the graph. As observed, at the plasma threshold irradiance, it could be possible to perform 
underwater LIBS analysis of metals (0.4 GW/cm2 plasma thresholds) at a distance of ca. 260 m. Plasma 
formation threshold depicted in the graph were experimentally measured in laboratory. When the input energy 
requirements of the sample grow, as in the case of ceramics, rocks and marble, the maximum distance is 
substantially reduced. Hence, in the case of ceramics, line corresponding to its plasma formation threshold 
(1.0 GW/cm2) cuts the fitting line at approximately 130 m. The same fact occurs for rock and marble materials. 
However, this analysis does not consider the attenuation of the returning plasma light through the same 
optical fiber. In practice, aforementioned distance would be further reduced. The results suggested that it 
could be possible to perform underwater LIBS analysis of metals at a distance of ca. 260 m and 130 m in the 
case of ceramics. 
 
3. LIBS sensor for distant objects 
In this section, an extensive description of the characteristics of each pieces selected to develop a 
home-made high pressure chamber is presented. In addition to this, the pressure resistance of the 
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constructed chamber has been evaluated where it was certified its working capacity is up to at least 400 bars 
of pressure. The influence of the optical path on the laser beam radiation has been also studied in our 
experimental set-up on the attenuation of light through the environment and the focusing conditions required. 
 
3.1. Design and construction of a high pressure chamber 
A laboratory LIBS system was designed to operate in depth ocean experimental conditions. 
Therefore, a high pressure chamber was required which should reach, at least, a pressure of 300 bar in order 
to make a simulation. The material selected to build the chamber was stainless steel. This material was 
chosen to avoid the oxidation by water; and for its excellent wear and pressure resistance. Its dimensions are 
135 x 130 x 115 mm3and a capacity of 80 ml. The prototype, of cylindrical shape, consists of water out (P7) 
and six ports: five laterals ports (P1-P5), an upper port (P6) as observed in different views in Figure 23.  
- P3: input for laser beam radiation/coaxial plasma light collection 
- P1,P2,P5: visualization and plasma light collection (in a certain angle) 
- P4: water in 
- P7: water out 
The numbers of ports were selected in order to increase the versatility of the high-pressure chamber. 
A detailed description of the components, functionality and features of the different ports of the chamber are 
detailing below. 
 
 
Figure 23.External view of high pressure chamber. 
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 Laterals ports 1, 2, 3 and 5 
Ports 1, 2, 3 and 5 were designed identically. Sealing the chamber and watertightness in these ports 
is achieved using a system of gasket-sapphire window-gasket countersinks in the locking cylinder, as detailed 
in Figure 24 This set of pieces is adjusted to the chamber with eight M6 screws and a specific washer of 
pressure. The characteristics of each are described below. 
 
 Washer support 
Stainless steel piece lathed so that fitting with a gasket in the surface of sapphire window (ϕ22 mm); 
and another one (ϕ 26 mm) in the lateral contour, as observed in Figure 25. 
 
 Sapphire window 
The material selected for the windows was sapphire.Sapphire has good qualities for this demanding 
application that require reliability, strength, a broad transmission range, and low transmitted wavefront 
distortion at both high and low operating temperatures.Also, it is chemically inert and insoluble to water. In 
addition to this, it allows see through it providing an optical path view inside the chamber.  
 
 
Figure 24. Sealing system chamber for ports 1, 2, 3 and 5. 
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Figure 25. Washer support of stainless steel. 
To choose the correct characteristic of the sapphire window, the minimum thickness of a window to 
withstand a pressure gradient of 300 bar is necessary to calculate. For a circular window, avoiding plastic 
deformation, the minimum design thickness is indicated by the following expression: 
tmin = √
𝐾 𝑥 𝑝 𝑥 𝐷2
𝑆⁄
2
 
where K (0.8) is constant which incorporates a minimum safety factor; D is the unsupported diameter; S is 
the apparent elastic limit; and p is the pressure differential. After calculations, for a diameter of 25.4 mm, the 
thickness of the sapphire window should be at least 5 mm. 
 Locking cylinder
Locking cylinders are circular stainless steel piece with a 51.8 mm diameter and 7.7 mm of thickness. 
In the middle is drilled with a hole of 16 mm diameter. The piece is pierced with eight holes (M6) with a 9 mm 
in diameter to screw the locking cylinder to the chamber and to ensure the tightness. 
Input water port (P4) 
Port 4 was designed to connect the chamber to a high-pressure pump that allows aqueous solutions 
to flow into the cell and the cell to be pressurized. Sealing the chamber and watertightness in the port is 
achieved using a gasket and a locking cylinder, as detailed in Figure 26. The locking cylinder, as the rest of 
port, is a circular stainless steel piece. In the edge of the piece is pierced with eight holes with a diameter of 
9 mm to introduce the screws M6. In the middle is pierced with a 16 mm diameter of hole. This hole connects 
the chamber to pump through a stainless steel tube with 1/4” BSP connection with a hexagonal nut. There 
are two ferrules inside of nut whose function is to compress the stainless steel tube reaching make a fitting 
seal. 
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Figure 26. Overview of the water input port. 
 
 Ouput water port (P7) 
The water output of the chamber is carried out by port 7. It is located in the back to the chamber. It 
has a hole 12 mm external diameter joined through a fitting steel BSP 1/8-1/4 ", to an adjustable pressure 
limiter to work among 0 and 400 bars. The port has two main functions. First, safety function is control the 
pressure excess inside the chamber by the limiter. And second, together with input water port, allows water 
circulation making easier removal of the particles generated after laser ablation. 
 
 Sample holder (P6) 
On top of chamber is located port 6. It is constituted by a rectangular stainless steel piece lathed 
used to support the sample. The target-holder has the possibility of 20 mm axial movement in order to allow 
us to adjust the distance between the lens and the sample. Sealing and watertightness in this port of chamber 
is achieved using a gasket and a locking cylinder (ϕ 75.8 mm; E 10 mm). The locking cylinder is adjusted to 
the chamber with ten M8 screws and a specific washer of pressure. An overview of port 6 is shown in Figure 
27. 
 
The high pressure chamber described in this chapter has been tested in order to evaluate its 
pressure resistance. Certification test was carried out increasing in short steps the pressure inside ofchamber 
injecting a liquid with a manual pump. The pressure reached inside the chamber was monitored in real time 
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Figure 27. Overview of the target-holder. 
 
in this closed circuit by connecting a pressure manometer (certified up to 400 bar with an error interval of 10 
bar) at the outlet of the manual pump as represented in sequence of Figure 28. Figure 28 shows some 
photographs taken during the resistance test in which is observed the high pressure chamber, the 
experimental set-up and the operator working, as well as the maximum pressure to which it is was subjected. 
The results indicated that its working capacity up to at least 400 bars of pressure. The certification report can 
be read in Appendix 1. 
 
 
 
Figure 28. Photographs taken during the pressure resistance test,A) high pressure chamber;B) experimental set-up; 
C)maximum pressure to which chamber was subjected (400 bar). 
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3.2. Influence of the optical path on the laser beam radiation 
In this particular application, a key factor influencing LIBS measurements is the laser beam 
attenuation through the environment, in our case, the water and the sapphire windows. Thus, the attenuation 
percentage of laser radiation due to these components should be evaluated. On the other hand, it should be 
noted that the focal distance of the lenses in water becomes longer than that in air, due to the higher refractive 
index of water. Therefore, a previous evaluation of the focal conditions was required to solve geometric 
factors. To carry out these experiments a water tank was built of PMMA with a wall thickness of 10 mm; its 
dimensions are 160 mm long, 180 mm cm wide and 110 mm high. 
The attenuation of the laser beam by absorption and scattering caused by the particulate matter and 
by water has been evaluated. Due to water absorption, only a fraction of the incident energy reaches the 
sample surface. The water absorption coefficient (α) at 532 nm is minimal, 0.00022 cm-1. Under our 
experimental conditions, only an attenuation of 2% was measured in an underwater optical path of 14 cm due 
to the presence of particulate matter in water. However, an attenuation of 30% was measured when 
considered both the optical components and the underwater optical path (laser beam attenuation). The 
experimental procedure used to measure the attenuation suffered by the laser radiation of under water until 
the sample is schematised in Figure 29. The energy value was measured at each side the sapphire window  
 
 
Figure 29. Laser irradiance attenuation measurement at532 nm through optical path. 
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obtaining an absorption of 14% per each one. Known this value, the energy laser radiation was measured 
before enter to the container and after, crossing the water and the two windows. Thus, 532 nm radiation 
inaverage was attenuated 2.14% per cm of optical path (considered the optical components and underwater 
path), or in other words, -0.11 dB cm-1. Also, this experiment was carried out changing the wavelength to 
1064 nm. If both results are compared at 532 nm attenuation value, relatively low, contrasts with the 
corresponding to 1064 nm, which was -0.66 dB cm-1. Under these circumstance, we decided to work at 532 
nm wavelength in future experiments. 
Laser radiation is modified as a function of the properties of the propagation medium; a clear example 
of this is the refractive index. Due to the higher refractive index of water, the focal distance of the lenses in 
water becomes longer than that in air. Consequently, a careful adjustment of the laser focal conditions is 
required as a function of the optical path inside water. Figure 30 shows the observed focal distance of a set 
of lenses with nominal focal distances in the range 30 to 150 mm, in water and air environment. As expected 
a larger increase of focal distance was obtained in water in comparison with air. This effect is enlarged for 
lenses with longer focal distance. After that and considering the optical path inside water in our high pressure 
chamber (sapphire window until central point of the chamber, 95 mm), it is convenient to select a plano convex 
lens with a nominal focal distance at 75 mm. 
 
 
Figure 30. Focal distance lenses as a function of the propagation media, water and air. 
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1. Introduction 
Laser-induced breakdown spectroscopy (LIBS) has experienced a growth in interest as a surface 
analytical method, as revealed by the wide number of LIBS applications found in the bibliography [1-3]. The 
well-known LIBS attributes (namely multi-elemental detection in a wide variety of matrices, fast analytical 
response, remote sensing capabilities and analytical figures of acceptable value for most applications) 
make the technique a suitable alternative for real-world applications even in extreme conditions or 
hazardous environments that put the technique to the limit [4]. In particular, during the last few years, LIBS 
has emerged as a new solution for oceanography [5]. Oceanic LIBS technology will take special relevance 
in the next decades and might be used in applications such as geological and mineralogical exploration, the 
investigation of underwater cultural heritage, inspection of oil and gas pipelines, and the analysis of alloys 
and concrete on the seafloor, among others.  
In 1984, Cremers and co-workers [6] demonstrated for the first time LIBS analysis inside liquids. 
The laser–water interaction when a laser pulse is focused into a liquid produces a rapid heating of the liquid 
followed by its explosive expansion and formation of a gas bubble. As a consequence, the lifetime of the 
plasma generated is very short, in the order of 100 ns, leading to a relatively poor signal in which the 
emission is dominated by the continuum component [7]. In an attempt to increase the analytical sensitivity 
of conventional single-pulse LIBS in submerged solids, some recent experiments [8-10] demonstrated that 
an enlargement of the laser pulse duration significantly improves the quality of the acquired LIBS spectra. 
The use of a long-pulse duration lead to an enhancement of the emission lines and to lowering of the 
continuum level since, before reaching the sample, the later part of the beam is efficiently absorbed by the 
plume and causes an additional plasma excitation and expansion. However, even though the use of a long-
duration ns pulse has been demonstrated as a good solution, the double-pulse configuration is the most 
widespread alternative in LIBS community. At this point, De Giacomo et al. [11] reviewed the limitations of 
SP-LIBS and discussed the peculiarities of DP-LIBS as an invaluable analytical tool for the elemental 
analysis of bulk water and submerged solid samples. In this approach, the first laser pulse produces a gas 
bubble whereas the second pulse ablates the sample and re-excites the plasma inside the bubble. 
Recently, in a series of two papers, Lazic et al. [12-13] explained the cavitation bubble formation during 
laser-water interaction and the dependence of DP-LIBS signal intensity inside liquids on the interpulse delay 
and how the formation and detection of the secondary plasma are strongly affected by the optical properties 
of the vapor bubble induced by the first laser pulse. 
Another alternative is the use of a gas purge to remove the water from the sample surface and 
create a gas–sample interface ideal for underwater LIBS analysis without the need to create first the vapor 
bubble, as in a double-pulse configuration. As compared to a solid–liquid interface, working in a solid–gas 
environment improves the ablation efficiency since the input energy is not lost in liquid evaporation and it is 
not absorbed and/or scattered by the liquid and the suspended particles. Based on this concept, in 2002, 
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Beddows et al. [14] published the first analysis of submerged targets under gas flow. Here, LIBS analysis on 
steel samples was performed at a 20 meters distance by delivering the laser radiation through an optical 
fiber cable. In fact, the employment of fiber optics play an increasingly important role in the design and 
construction of sensors and LIBS measuring systems. Thus, applications including the analysis of ferrous 
material in a nuclear reactor [15], the determination of minor trace components in different matrices [16, 17] 
and the determination of pollutants in soils [18,19] have been also addressed in the literature. In general, 
the maximum distance reached for the instrument as well as the LIBS configuration and the optical system 
for laser focusing at the output end of the fiber depends on each particular application. In the field of 
oceanography, in 2012, the first in situ submarine LIBS analysis of solid samples was published by the 
University of Málaga [20]. An integrated LIBS technology platform for underwater analysis was developed 
and adapted to the marine environment. A set of metallic materials was analyzed at 30 m deep. Later, the 
employment of a multi-pulse configuration was raised by the authors as a possibility to increase the laser 
beam energy transmitted while avoiding the damage of the fiber [21-23]. MP-LIBS operates in a collinear 
configuration with the advantages of using a single laser source, thus avoiding problems related to the 
alignment and synchronization between several laser sources. Also, MP-LIBS reduces the dimensions, 
consumption and equipment costs, which are important in the design of a fieldable LIBS system. With this 
configuration, the performance of the equipment was improved in terms of energy transmitted through the 
optical fiber, range of analysis and variety of samples to be analyzed. The improved version of this remote 
system was tested in a real archaeological shipwreck in the Atlantic coast of Andalucía. 
LIBS has no limited horizon and the continuous advances in reducing the size and weight while 
increasing the capabilities of lasers, spectrographs and detectors make possible the development of 
compact and rugged instrumentation. Portable systems give greater flexibility and also increase the range 
of LIBS applications. Thus, sea floor exploration at deep-ocean (2000-3000 meters) could be accomplished 
by the integration of LIBS technology in a remotely operated vehicle (ROV). Studies concerning the effect of 
pressure in LIBS analysis inside liquids [24, 25] and the influence of the underwater optical path on the LIBS 
signal [26] have recently explored the suitability of LIBS for a deep-sea survey. 
What is clear is that LIBS is the only available technique for chemical analysis directly inside 
liquids. To further exploit the inherent advantages of the technology, a mobile fiber-based LIBS platform 
capable of performing remote measurements in the tens of meters range has been designed. In the present 
chapter, its performance is discussed on the basis of the spectral response. To check the reliability and 
reproducibility of the instrument several robustness tests were performed outside the lab. Last, the potential 
of remote-LIBS technology for the underwater measurements of coating thickness in galvanized steel was 
also studied.  
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2. Experimental set-up 
2.1. Instrument 
The instrument used in this chapter is the remote LIBS system AQUALAS 2.0. A more detailed 
description of AQUALAS 2.0 has been presented in Chapter 3.  
 
2.2. Samples 
For field tests, a certified bronze standard (BCR 691) with variable concentration of Cu, As, Sn, Pb, 
and Zn was used. Also, a set of electrolytically galvanized steel samples, with variable Zn thicknesses in the 
range between 3.1 and 11.2 m provided by ThyssenKrupp Stahl (TKS, Dortmund, Germany) was used. 
These samples were considered reference materials, which allowed construction of calibration curves.  
 
3. Results and discussion 
3.1. Stress tests in a marine environment. Stability and robustness of the remote LIBS system. 
The main goal of this approach is the possibility of a LIBS analysis in situations where the sample 
of interest is not directly accessible, i.e. industrial and geological applications, underwater inspection, 
hazardous environments and in general, areas of contamination by toxic or radioactive material. In chapter 
3, the design of a robust fiber optic probe for remote sensing by LIBS has been explained. At the same 
time, it should be pointed out that focusing of the laser radiation into an optical fiber is the most critical 
issue. The fiber must be mounted on a xyz stage and also it should be placed behind the laser focus 
position to avoid irreversible damage. 
A number of experiments were conducted in order to evaluate the stability and robustness of the 
prototype in a marine environment. Operations were performed outdoor in the Málaga Bay. In a first step, 
we evaluated the deployment of the 50-m long umbilical cable which was wound round a cylindrical support. 
The accumulated stress in the spool may affect the laser beam delivery through the optical fiber cable. 
Thus, LIBS spectra on a bronze sample (78.7% Cu, 8% Pb, 7.2% Sn and 6% Zn) were acquired at different 
range of analysis depending on the LIBS-probe deployment. Figure 1 shows the influence of the probe 
deployment on the LIBS signal. The selected spectral line for this study was Cu (I) at 521.82 nm. Each point 
in the graph represents the average intensity of 5 replicate measurements. As shown, the signal intensity 
remained virtually constant with the LIBS probe deployment, in the 0-50 meters range. In this range, the 
average intensities were measured in ca. 38.000 counts (5% RSD). The inset of Figure 1 represents the 
relative standard deviation (RSD) for each measurement. As noted, in all cases, the signal variability is 
better than 14% RSD. 
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Figure 1. Influence of the probe deployment on LIBS signal. The inset represents the relative standard deviation 
(RSD) for each measurement in the range 0-50 meters. 
 
Figure 2 depicts the output energy of the LIBS probe as a function of the distance deployed from 
the instrument, measured with a pyroelectric energy meter. A series of 500 successive laser pulses at a 
repetition rate of 2 Hz were measured. The energy meter was placed slightly out of focus in order to avoid 
damage in the sensing head. As shown, the average pulse energies measured remain practically constant 
with the deployment of the LIBS probe (RSDinter-range  2%), which means that attenuation of the delivered 
laser energy is in some way negligible. In this meaning the averaged output energy has been measured in 
42.6 mJ pulse-1. Furthermore, the pulse-to-pulse fluctuation of the output energy remains more or less static 
(RSDintra-range  0.5%) regardless of the deployed distance. 
LIBS system stability as function of time was also evaluated. Results are plotted in Figure 3. The 
selected spectral line for this study was Cu again. Each point in the graph represents the average intensity 
of 5 replicate measurements on bronze sample. In addition, LIBS spectra were strictly acquired at the same 
experimental conditions (50 laser shots per replicate; 2 Hz; 1.3 µs acquisition delay; 22 ns pulse width). 
This study started in 2014 and continues to date. As observed, in the first part of the graph, LIBS signal was 
in the range 35.000-40.000 a.u. From here, the intensity gradually drops until 30.000 a.u., which may 
indicate disalignment of the laser-to-fiber coupling. At this point, optical fiber was broken and then was 
polished again and a smooth adjustment was performed to retrieve the system's performance. Hence, this 
graph allows the regular monitoring of the LIBS system stability and identifying/diagnosing problems related 
to the laser-to-fiber coupling. 
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Figure 2. Output energy of the LIBS probe as a function of the distance deployed from the instrument. 
 
 
Figure 3. LIBS system stability as a function of time. Each point in the graph represents the average intensity of 5 
replicate measurements on a bronze sample (78.7% Cu, 8% Pb, 7.2% Sn and 6% Zn). Experimental conditions: 50 
laser shots per replicate; 2 Hz; 1.3 µs acquisition delay; 22 ns pulse width. 
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Referring to the aforementioned results, the stability of the LIBS system is highly satisfactory, 
which is particularly relevant especially in a marine environment. In this sense, a hypothetical damage of the 
optical fiber may be the unique weak point of our prototype. Thus, in another experiment, a stress test was 
performed with the objective to evaluate the robustness of the laser-to-fiber coupling. LIBS system was 
moved along a cobblestone road in the access route to the beach in which these tests were performed. The 
total distance covered in this experiment was 500 meters and LIBS spectra were acquired every 100 
meters. The emission line Cu (I) 521.82 nm as function of the distance covered by the prototype is depicted 
in Figure 4. The calculated RSD values for each test is also plotted in the graph. As shown, the averaged 
LIBS intensity along the 500 meters was ca. 35.000 counts while the reproducibility in terms of relative 
standard deviation was, in all cases, better than 10 %. Results obtained confirmed the robustness of the 
laser-to-fiber coupling even during the displacement of the system in a non-paved road. In relation to this, 
the proven stability and robustness of the remote LIBS system guarantee the reliability of the data acquired 
under severe conditions (i.e. in a marine environment) during a field campaign.  
 
3.2. Underwater LIBS analysis of galvanized steel 
In the industrial sector, to assure reliable corrosion protection, the coating thickness has to be kept 
constant over a tolerance range [27]. Underwater depth profiling LIBS analysis, using multi-pulse 
configuration, of a set of galvanized steel with different coating thicknesses in the range 3.2-11.2 μm was 
 
 
Figure 4. LIBS signal as a function of the distance traveled by the prototype along a non-paved road. The total 
distance covered in this experiment was 500 meters. 
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performed. It is worth mentioning that this study was completed in shallow waters during the tests 
accomplished in the Bay of Málaga. LIBS spectra of galvanized steel were acquired in the 350-550 nm 
range. Emission lines of Zn (I) 472.21 nm and Fe (I) 438.35 nm were monitored in the coating and the 
substrate, respectively. Depth information was obtained by tuning the pulse width to 22 ns (QS-delay: 118 
µs) and 30 ns (QS-delay: 116µs). The resultant Zn profiles for a coating thickness of 11.2 µm in both 
instances are plotted in Figure 5. X-axis corresponds to the number of laser pulses. For comparative 
purposes, signal emissions were normalized to unity. As noted, both profiles decay until reaching a value 
near to zero. The averaged ablation rate (AAR) calculated from the number of pulses corresponding to a 
normalized intensity value equal to 0.5 (p0.5), that is 50% of the full signal [28]. The inset represents the 
differentiated profile at each pulse width. As seen, the derivative of the measured LIBS profile exhibit a 
Gaussian shape and can be also used to elucidate the AAR. The number of pulses to completely deplete 
the coating layer was lower for the larger pulse duration, 30 ns. Thus, for the coating thickness of 11.2 µm, 
the AAR was measured in 172 nm pulse-1 and 254 nm pulse-1 for the pulse width of 22 ns and 30 ns, 
respectively. This fact is could be due to that the pulse duration of the main spike in the sequence promotes 
the heating and melting of the sample, facilitating the ablation of the sample surface by the rest of the 
spikes or exciting the material that has been previously ablated by the first pulse. Hence, longer pulses and 
a greater number of spikes (as is the case of QS-delay: 116µs) could be intensify the ablation of surface 
[21]. 
 
 
Figure 5. Depth profiles obtained during the underwater LIBS characterization of galvanized steel (coating thickness 
of 11.2 µm) at 22 ns and 30 ns pulse duration. The inset represents the differentiated LIBS intensity for the Zn profile 
acquired at both pulse duration. The emission line Zn (I) 472.22 nm was monitored. 
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Figure 6. Variation of the Zn profile in a set of commercial galvanized steel (ranging from 3.2 to 11.2 µm) as a 
function of the laser pulse duration: 22 ns (left) and 30 ns (right). 
The rest of the galvanized steels were measured following the same criteria for both pulse widths. 
Results are plotted in Figure 6. In this graph, the variation of Zn profile as a function of the number of laser 
pulses is presented. The total laser pulse energy was kept constant for all measurements. Hence, it is clear 
that the laser irradiance decreases with an increase in pulse duration. As shown, a change in the 
experimental conditions results in an increase in p0.5 and consequently in a decreases of AAR, as occurs in 
the left graph, corresponding to 22 ns pulse duration. In contrast, in all the coating thickness measured, 
p0.5 decreases at 30 ns pulse duration. To establish a correspondence within the laser pulse duration, data 
were plotted in Figure 7. In this sense, the averaged ablation rates were higher for the larger pulse duration, 
30 ns, in all the coating thickness examined. Thus, for 22 ns pulse duration the AAR was measured in the 
130-160 nm pulse-1 while in the case of 30 ns the AAR was 250 nm pulse-1 in all the examined range. 
In addition to this, in order to quantify the limit of accuracy and precision of the profiles obtained, 
depth resolution (Δz) was calculated for a coating thickness of 3.2 µm in both pulse widths. This parameter 
is defined as the depth range over which a signal decreases (or increases) by a specified amount when 
profiling an ideally sharp interface between two media. By convention, the depth resolution corresponds to 
the depth range over which an 84 to 16% (or 16 to 84%) change in the full signal is measured as explained 
in ref [28]. Also, such reference indicate that if a change in experimental conditions results in an increase in 
p0.5 then AAR will decrease, as was observed in Figure 7. In that case, as more points will define the depth 
profile, and consequently the interface description, an improvement of depth resolution would be expected, 
that is, as AAR decreases, Δz should decrease too. However, in our experimental conditions Δz was 
measured in 2.8 µm and 2.2 µm for the pulse width of 22 ns and 30 ns, respectively. It was due to that the 
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Figure 7. Calculated averaged ablation rate (AAR) as a function of the coating thickness and the laser pulse duration. 
 
 
Figure 8: Number of pulses to reach the Zn-Fe interface, p0.5, as a function of the coating thickness. 
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factor Δp (that corresponds to the number of laser shots to reach 84% and 16% of the normalized signal 
intensity) was changed as a function of the pulse width. In view of the results a faster and well resolved 
deep characterization is obtained using large pulse duration. 
On the other hand, in order to determine the Zn coating thickness, calibration curves were 
constructed for both pulse durations. In Figure 8, the number of pulses to reach the Zn-Fe interface is 
plotted as function of the coating thickness. As expected, this value increases with the thickness of the Zn 
coating. In both cases, the excellent correlation between both variables allows the estimation of the coating 
thickness of an unknown sample. Thus, the longer the pulse duration, the larger the ablated mass. This 
result is consistent with that published in [21] and demonstrates the potential of remote-LIBS technology for 
the underwater measurements of coating thickness in galvanized steel. 
 
4. Conclusions 
In this part of the work, underwater characterization of galvanized steel has been accomplished in 
shallow waters in the Bay of Málaga. Also, a number of experiments were conducted outdoors in order to 
evaluate the stability and robustness of the Remote-LIBS prototype in a marine environment. Results 
confirmed the potential of LIBS for underwater measurements, which could be considered as a solution for 
mining exploration, cultural heritage and the industrial sector, among others. 
A stress test was designed with the objective to assess the improvements performed in the remote 
system. At first, we studied if the accumulated stress in the spool may affect the laser beam delivery 
through the optical fiber cable. However, signal intensity remained virtually constant with the LIBS probe 
deployment. In the 0-50 meters range, the averaged output energy was measured in 42.6 mJ pulse-1 while 
the RSDinter-range was approximately 2%. This means that attenuation of the delivered laser energy is in 
some way negligible and does not depend on the deployment of the LIBS probe.  
Also, results obtained confirmed the robustness of the laser-to-fiber coupling even during the 
displacement of the system in a non-paved road. The total distance covered in this experiment was 500 
meters. In relation to this, the proven stability and robustness of the remote LIBS system guarantee the 
reliability of the data acquired under severe conditions (i.e. in a marine environment) during a field 
campaign.  
During the stress tests, the potential of remote-LIBS technology for the underwater measurements 
of coating thickness in galvanized steel was demonstrated. A multi-pulse excitation scheme was selected 
for LIBS analysis. Depth information was obtained by tuning the pulse width to 22 ns and 30 ns. In order to 
determine the Zn coating thickness, calibration curves were constructed for both pulse durations. 
Information extracted from depth profiling analysis could be employed for the quality control of the corrosion 
protection in the industrial sector. The average ablation rate (AAR) was measured in 172 nm pulse-1 and 
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260 nm pulse-1 for the pulse width of 22 ns and 30 ns, respectively; and depth resolution (Δz) 2.8 µm and 
2.2 µm. Hence, the longer the pulse duration, the larger the ablated mass and depth resolution.  
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1. Introduction 
Laser-induced breakdown spectroscopy (LIBS) is a popular technique because of its speed, 
simplicity, and usually inexpensive hardware. Additionally, LIBS requires little or no sample preparation and 
can provide in situ simultaneous multi-element analysis. Thus, joining the LIBS potential with the 
improvements of instrumentation development to adapt the technique to field trials with deployable 
equipment, it is not surprising that this technique is being employed for a wide variety of applications [1, 2]. 
In particular those that take place in an extreme environment where it is difficult access to the sample or its 
transport, or represents a risk for the analyst such as the explosive detection [3], submerged cultural 
heritage [4, 5], space exploration [6, 7] among others. However, LIBS still suffers from relatively poor 
sensitivity compared to other analytical methods, and this aspect often limits the performance of the 
technique. In an attempt to increase the analytical capabilities of LIBS, a substantial part of the research 
interests has been focused on two work areas related to the study of the effect of the sample surrounding 
gas and the evaluation of different experimental approaches for the sample excitation. 
Respect to the sample surrounding gas, it is well known that its properties critically influence the 
laser-target and laser-plasma couplings as well as the plume de-excitation mechanisms; thus altering the 
plasma temperature, electron density, mass removal, and plasma shielding. Consequently, the ensuing 
spectral features of LIBS for chemical analysis will be modified [8-10]. It is particularly manifested in spectral 
line resolution, emission signal intensity and signal-to-noise ratio (SNR). In this meaning, there is a growing 
interest not only in evaluating the effect of pressure of surrounding gas; but also in performing experiments 
under atmospheres with different chemical composition. In spite of the large number of available reports in 
the literature in where the plasmas are generated using in very different experimental conditions which vary 
according to the laser used, and the type of samples employed to particularly applications, there is no a 
definitive study that fully accounts for all of the phenomena occurring in LIBS when the pressure and 
atmospheric compositions are changed. However, some general aspects respect to signal intensity could 
be established. 
Regarding gas pressure, as explained by Fortes et al. [2], an increase in the plasma intensity when 
decreasing pressure is observed. It is due to the fact that at high pressures, plasma energy is quickly lost to 
the surrounding atmosphere by coalitional processes with the gas and therefore the plasma is short lived. In 
contrast, at low pressures the plasma expands much further into the ambient atmosphere but it is not 
cooled rapidly by the surrounding species [11, 12]. Hence, lifetime of the emitting species is longer and the 
integrated emission volume becomes larger. Thus, more light from the laser plasma can be collected, and a 
higher peak intensity of emission lines is observed. In spite of this, there is a lower limit in the gas pressure 
below which the plasma confinement seems to be insufficient, thereby leading to a reduced coalitional 
excitation. In this case, the intensity of the emission signals may drop [13]. In general, as mentioned in [10] 
the highest signal intensity is observed around 5–10 Torr. However, some researchers have noted that the 
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optimal pressure is dependent on the gas composition. Thorough studies respect to effect of gas 
composition such as Ar, He, CO2 and air on plasma, typically have revealed that the highest overall intensity 
is observed for Ar buffer gas. This fact is associated to higher plasma temperatures. Löbe et al. [14] and 
others [9, 15, 16] also noted that this huge temperature is due to thermal properties of the gas, so that at 
lower thermal conductivity of the gas less heat flow is transferred from the plasma to the buffer gas. 
Consequently higher temperature and slowest decay is observed [17]. 
In the second work area, considering different experimental configurations for sample excitation, as 
Scaffidi et al. [18] and Babushok et al. [19] studies, the use of double pulse (DP) produced an enhancement 
of emission compared to traditional single pulse. Briefly, it is due to the fact that the first laser pulse affects 
the sample, and the resulting shock wave displaces the surrounding gas. Then, a second pulse interacts 
with the material within the first plasma plume, resulting in an enhancement of the LIBS signal. This fact has 
revolutionized the way in which LIBS measurements were performed, especially in areas related to bulk or 
liquid analysis [20] in which a huge part of energy of the first laser pulse is inverted to water evaporation. 
Another alternative, such as multipulse excitation (MP) had been already demonstrated in 1969 by 
Piepmeier and Malmstadt [21] as a good way to further excite the sample species with a multispike laser 
pulse. But it was not until over two decades later that publications in this field highlighted the advantages of 
emission enhancement mechanisms for MP-LIBS to improve the analytical sensibility [22-25]. 
For our particular application, chemical in-situ characterization in an underwater site to cover 
around 50 meters deep, the design of a remote LIBS system based in guide by a fiber optic was decided 
would be the best alternative. In first instance, the prototype developed in University of Málaga utilized a SP 
configuration [4]. However, LIBS analysis was restricted to metallic samples due to the low energy threshold 
allowed by the optical fiber. The employment of a multi-pulse configuration was raised by the authors as a 
possibility to increase the laser beam energy transmitted while avoiding the damage of the fiber. In fact, in 
this new remote equipment the pulse duration of the main spike in the train of pulses allows introducing a 
higher laser radiation through the optical fiber and also promotes the heating and melting of the sample, 
facilitating to the rest of the spikes the ablation of the sample surface or exciting the material that has been 
previously ablated by the first pulse. With this configuration, the performance of the equipment is improved 
in terms of: energy transmitted through the optical fiber, range of analysis and variety of samples to be 
analyzed (i.e., marble, ceramic, concrete, etc.) [5]. 
In addition to these improvements which have been already implemented in our prototype, the use 
of a gas purge is also considered not only to prevent the water from entering the analysis probe and remove 
it creating a solid-gas interface optimum for LIBS analysis; but also to continue improving the performance 
of the prototype. As mentioned above, the properties of the surrounding gas severely influence the 
spectroscopy response. Therefore, in this chapter the effect of gas pressure in a range from 2 to 5 bar is 
evaluated, as well as, the use of different gases such as air, CO2, He and Ar. In particular, these studies will 
be focused on improving ceramic samples detection. This kind of materials are very common in submerged 
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archaeological sites, however, the analysis in such conditions can be complex due to it highly porous 
nature. 
 
2. Experimental Set-up 
2.1. Instrument 
The instrument used in this chapter is the remote LIBS system AQUALAS 2.0. A detailed 
description of AQUALAS 2.0 has been presented in Chapter 3.  
 
2.2. Samples 
A set of certified standard bronzes materials (BCR 691) with variable concentrations of Cu, As, Sn, 
Pb, and Zn was used. Ceramic samples have been provided by the Centro de Arqueología Subacuática of 
Cádiz (CAS). Furthermore, variety of real archaeological materials provided by CAS was also characterized 
in this work. Data were obtained by averaging 50 laser shots at each sample position, after 10 laser shots 
used for cleaning purposes in the case of bronze, and 20 laser shots in ceramic. Each sample was 
measured 5 times. In order to simulate real conditions, samples were immersed for LIBS analysis in a water 
tank of 100 L capacity and 35 x 80 x 41 cm dimensions. 
 
2.3. Submersible LIBS probe. Gas protection 
In our fiber-based instrument, the submersible LIBS probe supplies gas to remove the water from 
the sample surface and creates a gas–sample interface ideal for underwater LIBS analysis. Moreover, for 
preventing the admittance of water into the LIBS probe, the pressure difference (P) between inside (Pin) 
and outside (Pout) of the probe must exceed at least 1 bar [4]. In fact, the use of a gas purge is of key 
importance, especially during real analysis in a marine environment where P decreases when increasing 
the depth of analysis. Figure 1 shows a schematic diagram of the submersible LIBS probe. As seen, the gas 
flow coming from the auxiliary module travels through the umbilical cord and exits the probe through the 
nozzle located at the probe tip. 
 
3. Results and discussion 
3.1. Influence of purge gas 
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Figure 1. schematic drawing of the process to creating a gas–sample interface. 
3.1.1. Influence of the differential of pressure on LIBS signal 
In a first experiment, the influence of ΔP on LIBS signal of metallic samples was evaluated. The 
LIBS signal was acquired by changing the inner pressure in a range from 2 to 5 bar while keeping constant 
the external pressure of the probe at 1 bar. The results are presented in Figure 2. The emission lines of Cu  
 
 
Figure 2. Influence of the pressure difference (ΔP) between inside and outside of the probe in the LIBS signal of Cu 
(510.6 nm), Zn (481.0), Pb (405.7 nm) and Sn (452.4 nm) on a bronze sample. 
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(I) at 510.6 nm, Pb (I) at 405.7 nm, Zn (I) at 481 nm and Sn (I) at 452.4 nm are plotted as a function of ΔP. 
Each point in the graph represents the average of 5 replicate measurements. As shown, the tendency of 
Cu, Pb, Zn, and Sn is quite similar as function of ΔP, with a gradualy increase of LIBS signal. These results 
are in good agreement with those reported by Guirado et al. [26]. Thus, the use of multi-pulse excitation 
mitigates the preferential ablation that typically occurs in bronze materials when using a SP-LIBS 
configuration.  
On the other hand, the effect of the ΔP has not been yet investigated in ceramic. Ceramic 
materials (e.g., amphoras) are usually discovered in underwater archaeological sites covered by different 
types of deposits such as calcareous and/or ferrous components. For that reason, the influence of ΔP on 
the LIBS signal of Ca (I) at 422.6 nm, Fe (I) at 438.3 nm and Ti (I) at 498.1 nm on a ceramic sample is 
presented in Figure 3. As shown, signal intensity decreased in a similar trend for the three studied 
elements, namely Ca, Fe and Ti. Also, in the range of ΔP 1-4 bar, the effect observed in ceramics is 
opposite to that perceived in metallic samples (Figure 2). In fact, at higher ΔP values, 4 bar, a shielding 
effect [24-27] is observed due to the larger number density of species when the plasma is confined at the 
sample surface. For this reason, the laser radiation reaching the sample surface is considerably reduced 
and consequently a decrease in LIBS signal is obtained. In contrast, at lower ΔP, the plasma is less 
confined and shielding effect is reduced [4]. In this sense, plasma shielding was confirmed by the estimation 
of the electron number density (Ne). This parameter has been determined from Stark broadening of the Fe 
(I) line at 426.04 nm, following the procedure described by Tognoni et al. (Chapter 3, Ref. [28]). In summery 
 
 
Figure 3. Influence of the pressure difference (ΔP) between inside and outside of the probe in the LIBS signal of Ca 
(422.6 nm), Fe (438.3 nm) and Ti (498.1 nm) on a ceramic sample. 
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Ne was derived from the following equation:  
𝛥𝜆1/2 = 2𝑊 × (
Ne
1016
)  𝑛𝑚   [Eq. 1] 
The Stark broadening, expressed as the FWHM (full width at half maximum) in nanometers, can be 
obtained in a semi-empirical way by means of: 
𝛥𝜆line = 𝛥𝜆Stark + 𝛥𝜆instrumental  [Eq. 2] 
for which, Δλ instrumental is a fixed value equal to 0.14 nm inherent to the Avantes spectrometer used in this 
case and Δλ line can be measured directly in the spectra. Other sources of broadening (e. g. Doppler 
broadening) can be considered negligible [29]. The value of the electron impact half-width (W) depends on 
the temperature and it can be found tabulated in the literature [30]. The plasma temperature (Te) was 
deduced from Boltzmann plot, assuming that plasma is in local thermal equilibrium (LTE) [31] and is 
calculated from five Fe atomic lines, namely Fe (I) 371.99 nm, Fe (I) 373.48 nm, Fe (I) 373.71 nm, Fe (I) 
375.82 nm, Fe (I) 376.37 nm) [29]. According to the Boltzmann plot, Te was calculated as 11000 K. Using 
the W value, tabulated for the calculated plasma temperature, Ne can be derived from Eq. (1). Ne values 
were 1.09·1019 cm−3 at ΔP=4 bar and 0.5 1019 cm−3 at ΔP=1 bar. These values are in agreement with those 
expected under these environmental conditions. As expected, a higher density of species in the laser 
plasma is observed when the plasma confinement is more accentuated (ΔP=4 bar). This fact supports our 
hypothesis that plasma shielding increases for higher ΔP values. In the case of ceramics, a porous and 
breakable material, the plasma shielding effect is highly accentuated and consequently LIBS signal is 
considerably reduced. In addition, the use of a purge gas at higher pressure could play a counter-productive 
role helping to remove a larger amount of particulate material of the sample thus increasing the shielding 
effect. 
Ceramics samples are difficult to analyze in an archaeological site context due to the mentioned 
characteristics. Thus, the following section is focused in this kind of materials in order to improve the 
analytical sensitivity. 
 
3.1.2. Influence of purge gas type on LIBS signal 
The influence of the chemical composition of the purge gas has been evaluated with the purpose 
to improve the analytical sensitivity on ceramic samples. This experiment was carried out using various 
ambient gases such as air, CO2, He and Ar. In all cases ΔP was kept constant at 3 bar. The emission lines 
of Ca (I) at 422.6 nm and Fe (I) at 438.3 nm were selected for LIBS analysis. Results are plotted in Figure 
4A. Each point in the graph is the average of 5 replicates measurements. As shown, the maximum signal 
intensity was achieved using Ar as purge gas. The obtained values were ~45.000 counts and ~14.500 
counts for Ca and Fe, respectively. For the rest of gases, the intensity decreases following the sequence  
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Figure 4. Influence of chemical composition of surrounding atmosphere in A) LIBS intensity signals of Ca (422.6 nm) 
and Fe (438.3 nm) and B) intensity background. 
of He > Air > CO2. On the other hand, Figure 4B shows the background intensity acquired for the different 
surrounding ambient gases under study. As seen, background intensity was lower under a He atmosphere 
compared to Ar, air and CO2.  
Signal and background intensity were both used for determining the analytical quality of a 
spectrum. In this sense, the signal-to-noise ratio (SNR) was selected as criterion for evaluating and 
comparing spectra from atmospheric experiments [32]. Thus, in our experiment, for Ca and Fe lines, the 
signal was calculated at its maximum peak intensity Imax after the subtraction of the background Ibg, while the 
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noise was calculated by the standard deviation σbg of the background emission in the vicinity of the selected 
emission line. The signal to noise ratio is thus given by: 
𝑆𝑁𝑅 =
𝐼𝑚𝑎𝑥−𝐼𝑏𝑔
𝜎𝑏𝑔
 
Figure 5 shows the calculated SNR values for Ca and Fe lines as a function of purge gas. The 
trend is similar to that observed in Figure 4A. Thus, the highest SNR for both Ca and Fe was obtained for 
Ar. Hence, SNR: Ar > He > Air > CO2. This fact can be attributed to plasma parameters, namely electron 
temperature (Te) and electron density (Ne), whose values are influenced by the properties of the 
surrounding gas. Generally, laser-induced plasmas with higher Te produce a greater emission [10, 33]. Te 
and Ne were calculated for Ar, He, air and CO2. In the case of Te, it was deduced from the Boltzmann plot 
using the same emission lines as section 3.1.1, while Ne was determined from the Stark broadening of the 
Fe (I) line at 426.04 nm (following the procedure described by Tognoni et al. in the previous section). 
The calculated Te and Ne are depicted in Figure 6. As expected, a higher Te was obtained using Ar 
atmosphere with respect to He, air and CO2. This fact is accordance with the hypothesis in which a more 
energetic plasma produces a higher emission intensity. Furthermore, a huge electron density was also 
calculated for Ar which explains the higher background intensity due to the influence of continuum radiation. 
The generation of hotter and more dense plasma under Ar atmosphere, as explained by several authors [8, 
9, 16], is due to a low thermal conductivity and a low ionization potential. On the other hand, He must be 
also underline here. As mentioned in the reports published by Vors et al. [15], Aguilera et al. [17] and 
Effenberger et al. [8], He produces cooler plasmas with lower Ne. Contrarily to Ar, the characteristic of He is 
 
 
Figure 5. Influence of chemical composition of surrounding atmosphere in signal to noise ratio from of Ca (422.6 nm) 
and Fe (438.3 nm). 
 
Influence of gas on underwater LIBS analysis. Application to the cultural heritage field 
 
145 
 
 
Figure 6. Electron temperature (Te) and density (Ne) of plasma using different surrounding atmosphere such as air, 
CO2, He and Ar. 
due to a higher thermal conductivity and ionization potential. However, as observed in Figure. 4, He 
achieves a higher signal emission intensity and a lower background intensity so consequently, a higher 
SNR value. Hence, the use of Ar as purge gas achieves an enhancement of LIBS response with respect to 
CO2, Air and He. Then, in the following experiment, we evaluate to investigate the potential of using Ar and 
how it affects the LIBS signal. For this purpose, a ceramic sample was analysed in both air and Ar. The 
emission lines selected for this study and their energy levels are summarized in Table 1. As observed in 
Figure. 4, the LIBS signal acquired in Ar atmosphere was larger than in air. In order to quantify the 
sensitivity advantage, an enhancement factor () has been calculated and plotted in Figure 7 as a function 
of the energy transition between Ei and Ek for each selected line. This factor was measured as the intensity 
ratio between Ar and air at each selected line. As shown, the sensitivity advantage of using Ar is more 
accentuated in those transitions with higher ΔE which is of significant interest especially in minor 
components. 
As a result, for a field measurement, the replacement of air with Ar is presented here as an 
alternative to increase the analytical sensitivity of the instrument AQUALAS 2.0 for the in-situ 
characterization of underwater ceramic materials. In this sense, with the aim of visualizing the sensitivity 
improvement of ceramics during a field campaign, a sequence of 200 laser shots on the same position in a 
ceramic sample was performed alternating between air and Ar in cycles of 25 laser shots. Results are 
depicted in Figure 8. As seen, the signal intensity of Ca at 422.6 nm is higher by a factor of 2x when using 
Ar. Also, the decay of LIBS signal as a function of the number of laser shots is due to the drilling of the 
sample surface. 
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Table 1. Energy levels data of atomic emission lines. 
 
However, despite the sensitivity improvement that argon produces, the cost of this gas is a factor 
to take into account in a field campaign since an air flow is considerably cheaper and readily available from 
a portable compressor. Thus, in order to reach a compromise between costs and a good analytical 
response, a comparative study among several mixtures of gases was performed. In this experiment, the 
emission lines of Ca at 422.6 nm and Fe (I) at 438.3 nm were selected. LIBS intensity as a function of the 
percentage of Ar in the mixture (0, 25, 50, 75 and 100%) has been plotted in Figure 9. In all measurement, 
ΔP was kept constant at 3 bar. Each point in the graph represents the average of 5 measurements at each 
different position. As shown, LIBS intensity increases when the Ar percentage is higher. However, from a  
 
 
Figure 7. Intensity enhancement factor of Ar respect to air (Δ) in function of energy difference from distinct transition 
levels. 
Element λ (nm) Ei (eV) Ek (eV) Element λ (nm) Ei (eV) Ek (eV) 
Si (I) 383.2. 2.71 5.94 Ca (I) 430.8 1.88 4.76 
Fe(I) 404.5 1.48 4.54 Fe(I) 438.3 1.48 4.31 
Fe(I) 406.3 1.56 4.61 Fe(I) 440.5 1.56 4.37 
Fe(I) 407.2 1.61 4.65 Fe(I) 442.7 0.05 2.85 
Fe(I) 427.2 1.48 4.39 Ti (I) 498.2 0.85 3.34 
Ca (I) 428.3 1.88 4.78 Ti (I) 499.1 0.84 3.32 
Ca (I) 428.9 1.88 4.77 Ti (I) 501.4 0 2.47 
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Figure 8. Emission intensity of Ca at 422.6 nm in a sequence of 200 laser shots in a ceramic sample changing at 
each 25 shot the purge gas between air and argon. 
 
 
Figure 9. Net intensity signal of Ca (422.6 nm) and Fe (438.3 nm) on a ceramic sample in function of percentage of 
argon gas. 
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50% mixture of gases the trend obtained for both Ca and Fe elements is more moderate. In addition to this 
both, lower deviation and RSD are obtained when a less percentage of Ar is used. In view of these results, 
it was decided that the best alternative for a field campaign could be a mixture of 50% of gases because it 
keeps a favourable compromise between cost and analytical response. 
 
3.2. Analysis of archaeological samples 
From an archaeological point of view, the development and the improvements in the remote LIBS 
instrument for the recognition of submersed materials is of great interest in the case that is not immediately 
recognizable (low visibility conditions or with a higher corrosion degree). In this way, the identification of 
findings with archaeological value allows the diver to make decisions about the best way to collect or not the 
sample and its posterior preservation. In this meaning, obtaining good quality LIBS spectra is an essential 
requisite. However, the analysis in the archaeological site is not trivial and sometimes is quite challenging to 
achieve a good analytical response due to the rugosity and the grade of deposition of sedimentary layers 
(concretion) on the sample.  
As explained before, in order to increase the intensity of acquired LIBS signal, the use of purge gas 
plays a key importance role; not only removing the water from the sample surface and creating a gas–
sample interface but also regarding to plasma properties. In this sense, a sensitivity improvement was 
achieved using Ar. In this section, with the purpose to evaluate the capability of our prototype for the  
 
 
Figure 10. Underwater LIBS spectra obtained in lab of an archaeological pottery using air (in green) and argon (in 
red). Dark square limited the portion of ceramic without drawing and grey square with drawing. 
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analysis of real archaeological materials, a set of typical samples which could be found in a shipwreck were 
inspected using air and Ar gases. The set of samples were provided by the Centro de Arqueología 
Subacuática of Cádiz (CAS). LIBS spectra were acquired in the 350–550 nm range by averaging 25 shots 
laser on five adjacent positions for each sample in order to obtain a typical spectrum of different materials. 
The analysis was performed inside a water tank with the purpose of simulating real conditions. The gas flow 
used was 2 bar (ΔP 1bar). Figure 10 shows an archaeological pottery of Italian origin in which two selected 
areas were analyzed. As observed, from emission espectra the area delimited by the dark square was 
composed mainly of quartz (SiO2), clay (alumina-silicate of Ca and Mg), TiO2 and iron oxides. However, the 
spectrum from the zone delimited by grey square shows also lead. This peculiarity could be due to the 
presence of drawing on this region of the pottery, associating lead with the pigment. Other materials of 
interest, which can be found at an archaeological site, are related to the arming or defense of the wreck. 
Figure 11 illustrates the emission lines corresponding to the analysis of a cannon bullet made of iron. On 
the other hand, a compass utilized for sailing was examined. Figure 12 presents an intense emission from  
 
 
Figure 11. Underwater LIBS spectra obtained in laboratory of a canon bullet using air (green spectrum) and argon 
(red spectrum). 
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Figure 12. Underwater LIBS spectra obtained in laboratory of a compass utilized in sailing using air (green spectrum) 
and argon (red spectrum). 
Cu, Zn, Pb and Sn elements. By it comparing the analytical response using argon or air observed in the last 
three figures a clear increase of LIBS signal was achieved with argon gas purge. The improvement of the 
measure observed is not dependent of the nature material such as ceramics, metals and alloys. 
After purge gas optimization presented throughout this chapter, AQUALAS 2.0 was moved to 
Centro de Arqueología Subacuática of Cádiz (CAS) in order to carry out an in-situ analysis of a set of 
archaeological samples belonging to 6 wrecks located in Andalucía coast. The archaeological pieces under 
study were placed inside of desalination pools in stabilization phase (treatment that is carried out for its later 
conservation). The analysis protocol was that described in this chapter using 2 bar of argon. In Appendix 2 
the results of the analyzed pieces can be found. 
 
4. Conclusions 
The purge gas can be used not only to prevent the water entry into analysis probe but also to 
remove the water from the sample surface creating a gas–sample interface optimal for LIBS analysis. In 
addition to this, in this chapter the purge gas has been evaluated as a tool to improve the analytical 
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sensitivity of AQUALAS 2.0 equipment in order to increase its performance for analysis in a submerged 
archaeological site. The studies were focused on ceramic samples since the physical characteristics of this 
type of material made difficult the LIBS analysis and therefore obtaining its chemical composition. Both 
nature of purge gas on the sample surface and total gas pressure applied during LIBS analysis have been 
evaluated. It has been observed that a low pressure of purge gas output through the analysis probe can 
produce less plasma confinement and, as consequence, the shielding effect is attenuated and the emission 
intensity from ceramic material is increased. On the other hand, chemical composition of the atmosphere 
surrounding the sample revealed to have an influence on plasma parameters such as electron temperature 
and plasma density. Since the emission and background intensity signal as well as SNR were altered. After 
comparison of the results obtained using Ar, He and CO2 respect to air (the most common gas employed for 
analysis with AQUALAS), the best alternative in order to improve the analytical sensitivity of the LIBS 
prototype was decided to be Ar gas. Moreover, a study mixing different proportions of Ar and air gas was 
carried out in order to reduce the analysis cost but keeping a good spectral quality. This was achieved with 
a mixture of 50% of both gases. Last, Ar benefits have been also checked successfully in a set of found 
archaeological sample such as metals, alloys and ceramics. 
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1. Introduction 
Underwater cultural heritage is a rich source of information and a window to the past. In fact, the 
presence of specific elements (either greater or lesser percentage) in an archaeological material, namely 
chemical fingerprints, is of great interest for a better understanding of its age, provenance and 
manufacturing technology. Discovery of amphoras, cannons and metallic artefacts in their archaeological 
context could provide further information concerning the age and nationality of a shipwreck [1]. However, 
the severe conditions of the marine environment change the appearance of the underwater sites and 
distorts the idyllic image of the shipwreck until blending with the surroundings. Hence, artefacts and 
structures may be uncovered beneath sediments, chemically altered or even destroyed. 
Recent advances in electronic engineering, underwater robotics and novel systems for processing 
and image recognition make localization of underwater archaeological sites much easier than in past. 
However, underwater archaeology still requires the development of screening techniques for the in-situ 
recognition of findings. A restricted number of laser-based techniques (e. g. Raman, LIBS and LIF) have 
proven to be useful for this purpose [2-4]. Specifically, LIBS as the technique really appreciated as is the 
unique that could provide atomic information from the spectral signature of underwater objects [5, 6]. 
Additionally, LIBS combines valuable attributes specially demanded in cultural heritage preservation and 
investigation [7, 8]. It’s worth mentioning that underwater LIBS analysis is not a trivial task and several 
research groups have proposed different alternatives for improving LIBS sensitivity inside liquids [9-11]. In 
this sense, the dual pulse excitations being the most common approach proposed in the literature [12-14]. 
However, problems related to the use of two laser sources, the precise alignment needed and 
synchronization in data acquisition are obstacles for its implementation in field analysis [15, 16]. The 
instrumental development was further investigated until 2012 when Guirado et al. [17] published the first in-
situ undersea LIBS analysis of solid materials, at a depth of 30 meters, using a fiber-based LIBS system. 
Later, a new generation of LIBS instruments based on transmission of a collinear sequence of multi-pulses 
through the optical fiber cable was proposed by the same authors to improve the performance of the 
technology [18, 19]. An archaeological shipwreck situated 17 meters deep was inspected using this 
approach [20].  
In subaquatic archaeology, quantitative information turns crucial for planning 
restoration/conservation activities and taking decisions about whether the object should be moved from the 
underwater site or not. Nevertheless, LIBS strongly depends on matrix effects, pulse to pulse fluctuations, 
plasma-solid interactions, among other factors. In this sense, a broad number of fundamental studies have 
been reported to overcome the so-called fractionation effect [21-24]. Certain procedures such as internal 
standardization, background normalization, calibration-free analysis and the use of a double-pulse 
configuration has been explored so far for quantitative analysis of submersed materials. Most recently, 
Guirado et al. [25] evaluated the use of multi-pulse (MP) excitation as an effective solution to mitigate the 
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fractionation effects observed in LIBS analysis of copper-based alloys. MP-LIBS also prevents the effect of 
ambient pressure on LIBS signal, thus demonstrating the feasibility of LIBS for quantitative analysis of 
bronze materials in a real underwater site.  
In such a scenario, development of spectral libraries and data processing algorithms also improve 
the capability of LIBS for field measurements. Hence, from an archaeological point of view, both qualitative 
and quantitative information extracts compositional evidence that together with the use of chemometric 
methods may identify specific materials which could be related to ancient manufacturing or production 
processes [26]. A number of statistical methods including linear and rank correlation, principal component 
analysis (PCA), partial least-squares discriminant analysis (PLS-DA) and soft independent modeling of 
class analogy (SIMCA), among others have proved to group and classify ancient artefacts in archaeometric 
analysis [27]. In this work, a classification method is evaluated for the identification of chemical fingerprints 
in shipwrecks. A variety of archaeological objects has been previously characterized in laboratory using 
essentially the same operational conditions than those found undersea in order to ensure the effectiveness 
of the method during the recognition process in the site. Moreover, a set of sheathings from different 
shipwrecks were analyzed with the objective to perform a chronocultural sorting of these structural pieces. 
Based on this procedure, findings from the shipwreck of San Pedro de Alcántara (Málaga, Spain) were 
directly classified into metallic alloys, ceramics, rocks or marbles.  
 
2. Materials and methods 
The instrument used in this chapter is the remote LIBS system AQUALAS 2.0. A more detailed 
description of AQUALAS 2.0 has been presented in Chapter 3.  
 
3. Results and discussion 
3.1. Classification method for archaeological artefacts 
Given the great compositional diversity, textural differences and surface alteration of the 
submersed cultural heritage, the use of advanced statistical algorithms is essential for the recognition and 
sorting of underwater findings. For this purpose, linear discriminant analysis (LDA) was used to generate a 
classification model from which unknown samples will be predicted in site on the basis of their LIBS 
response. As a supervised algorithm, a LDA model based on the spectra acquired from a set of known 
archaeological samples was constructed. LDA evaluates the relative weights of the original variables for 
group discrimination and score the separation between multiple classes [28-30]. Afterwards, the model 
predicts the probability that an unknown sample belongs to each class.  
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A set of thirty-eight objects collected from several archaeological shipwrecks was first studied. To 
simulate the experimental conditions of a subsea environment, samples were immersed and analyzed in a 
water tank in our laboratory. Because of the large variety of samples used in this study, objects were 
divided into different groups for chemometric analysis, i.e. bronze-alloys (10 samples), metallic pieces (18 
samples), ceramics (5 samples) and marbles (5 samples). LIBS spectra were acquired in the 350-550 nm 
spectral range and their intensities normalized to unity for comparative purposes. Data were acquired by 
averaging the response of 50 laser shots on three adjacent positions for each sample. However, the whole 
LIBS spectra were not considered as input data so the initial information based on 2048 data points was 
significantly reduced to 10 spectral variables. The selected variables were Cu (I) 510.55 nm, Zn (I) 481.05 
nm, Sn (I) 452.47 nm, Pb (I) 405.78 nm, Fe (I) 438.35 nm, Ca (I) 422.67 nm, Mg (I) 517.26 nm, Si (I) 390.55 
nm, Sr (I) 407.61 nm and Ti (I) 498.17 nm. In addition, the presence of Ca, Mg, Si and Ti in metallic 
samples is associated to the deposition of sedimentary material on the sample surface. The experimental 
condition are summarized in Table 1. The first discriminant function has the expression: 
 
𝐹1 = 2.7 · 𝐼𝐶𝑢 + 2.4 · 𝐼𝑍𝑛 + 22.8 · 𝐼𝑆𝑛 + 0.8 · 𝐼𝑃𝑏 + 2.7 · 𝐼𝐹𝑒 − 7.2 · 𝐼𝐶𝑎 − 1.2 · 𝐼𝑀𝑔 − 3.8 · 𝐼𝑆𝑟 − 6.0 ·
𝐼𝑆𝑖+𝑇𝑖 + 0.59  
 
where In is the intensity of each element line. This function has an excellent canonical correlation, 0.98, that 
is its relative ability to discriminate amongst the groups. The second function is: 
 
𝐹2 = 1.8 · 𝐼𝐶𝑢 + 3.8 · 𝐼𝑍𝑛 + 24.8 · 𝐼𝑆𝑛 − 0.2 · 𝐼𝑃𝑏 − 0.8 · 𝐼𝐹𝑒 + 2.5 · 𝐼𝐶𝑎 − 1.8 · 𝐼𝑀𝑔 − 1.5 · 𝐼𝑆𝑟 + 9.4 ·
𝐼𝑆𝑖+𝑇𝑖 − 2.0  
 
Table 1. Experimental condition. 
 
 Description 
Protection gas Argon 
Pressure difference 4 
Pulse width 30 ns 
Laser frequency 2 Hz 
Irradiance 1.2 GW/ cm2 
Average 50 pulses 
Delay time acquisition 1 µs 
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which also exhibits a good canonical correlation (0.91). Nevertheless, the statistics treatment scores Wilk's 
lambda values of 0.0013 for F1 and 0.03 for F2, which suggest that the variables selected for the linear 
discriminant analysis are appropriate for sample discrimination. Both functions also have a very high 
significance level of Chi-square statistics, 201 and 106 for F1 and F2, respectively. 
The coefficients associated to different elements calculated by the software for discriminant 
functions give information about the relative contribution of each spectral line to the separation of groups. 
Thus, large coefficient values, such as those associated to Sn or Si+Ti spectral lines, contribute to a larger 
extent to group discrimination. For instance, tin is present in alloys whereas it is virtually absent in metals, 
ceramics and marbles. The software then assigns a large coefficient to this element to enable the 
separation of alloys from the other groups. Similarly, Si and Ti help in the separation of ceramics. Since the 
lines of these elements in the selected spectral window are weak, the intensities were summed to allow a 
better separation.  
Positive and negative coefficients also contribute to separation among groups. The LDA software 
assigns positive coefficients to the alloying elements in bronzes and metallic pieces; in contrast, negative 
coefficients characterize strongly dissimilar materials such as ceramics and marbles. 
The classification functions generated by the proposed model were validated with the training set 
of samples. Table 2 summarizes the classification of each sample based on the proposed model. It’s worth 
mentioning that all samples were identified without exceptions. A scatter plot of the first two discriminant 
functions is presented in Figure 1. As shown, samples are separated in four classes or groups attending to  
 
 Table 2. Prediction groups membership for training set samples. ID sample is constitutes by a letter and two numbers 
as follows: the letter represents the type of sample (A: copper based alloy M: metal, C: ceramic, B: marble), the first 
number corresponds to the shipwreck (I: Delta II, II Delta III) and the second to a number in the group classified. 
 
ID 
Prediction group membership (%) 
ID 
Prediction group membership (%) 
Alloy Metal Ceramic Marble Total Alloy Metal Ceramic Marble Total 
AII1 100 0 0 0 100 MI12 0 100 0 0 100 
AII2 100 0 0 0 100 MI13 0 100 0 0 100 
AI1 100 0 0 0 100 MI14 0 100 0 0 100 
AI2 100 0 0 0 100 MI15 0 100 0 0 100 
AI3 100 0 0 0 100 MI16 0 100 0 0 100 
AII3 100 0 0 0 100 MI17 0 100 0 0 100 
AII4 99.4 0.6 0 0 100 MII9 0 100 0 0 100 
AII5 100 0 0 0 100 MI18 0 100 0 0 100 
AI4 99.9 0.1 0 0 100 MII10 4.2 95.8 0 0 100 
AII6 94.7 5.3 0 0 100 CI19 0 0 100 0 100 
MII7 3.3 96.7 0 0 100 CI20 0 0 100 0 100 
MII8 0 100 0 0 100 CI21 0 0 100 0 100 
MI5 0 100 0 0 100 CI22 0 0 100 0 100 
MI6 0 100 0 0 100 CI23 0 0 100 0 100 
MI7 0 100 0 0 100 B1 0 0 0 100 100 
MI8 0 100 0 0 100 B2 0 0 0 100 100 
MI9 0 100 0 0 100 B3 0 0 0 100 100 
MI10 0 100 0 0 100 B4 0 0 0.2 99.8 100 
MI11 0 100 0 0 100 B5 0 0 0 100 100 
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Figure 1. Scatter plot of the first two canonical discriminant functions containing the four groups defined in the 
method. 
the type of material previously described in the “supervised” model. Bronze alloys and metallic pieces are 
grouped in the right-hand side of the graph, whereas ceramics and marbles are grouped in the second and 
third quadrant of the scatter graph, respectively. The centroid of each group is also marked in the graph. 
The model has been checked in our laboratory with a set of sheathings simulating the experimental 
conditions of a subsea environment. Furthermore, it has been tested during the underwater inspection of 
the wreck of San Pedro de Alcántara. 
 
3.2. Chronological sorting of metallic sheathings 
Since the Phoenician times, the use of sheathings in wooded-hulled vessels has been extensively 
tested to prevent wood degradation by the action of seawater, bivalve molluscs and algae. Sheathings were 
also used to improve the operability of the boat. The type of sheathing has evolved with time so the 
knowledge of elemental composition of this kind of samples makes it possible the assignment of the 
manufacturing period and provides clues to uncover the ship’s origin [31].  
A set of sheathing pieces belonging to different shipwrecks were analyzed in a water tank in an 
attempt to provide information about the geographical origin of the shipwreck that could help us to 
understand its historical context. In addition, this set of four samples will be used to evaluate in laboratory 
our chemometric model. Samples were found in the underwater archaeological sites of “Delta I” (XVII 
Century, Spanish), “Delta II” (XVI Century, Italian), “Mercante de San Sebastian” (XVIII Century, Spanish) 
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and “Fougueaux” (XVIII Century, French). A chronocultural sorting of the sheathings analyzed by LIBS is 
presented in Figure 2. The main emission lines are labeled in the spectra. As seen, the squares limit the 
timeline in two periods, depending on the sheathing composition. Thus, lead-based sheathings were early 
introduced in the XV Century in Portuguese and Spanish arsenals and its use was extended until the XVII 
Century [31]. This fact is easily observed in the sheathings belonging to Delta I and Delta II, as revealed by 
the LIBS spectra sketched in the figure. In the XVIII Century, lead-based sheathings were substituted first 
by copper and then by copper-based alloys. As shown in Figure 2 the LIBS spectra of Mercante de San 
Sebastian and Fougueaux in chronological order. In addition, the presence of minor components such as 
zinc, iron or lead, as observed in the spectrum corresponding to the Fougueaux, could indicate its country of 
origin. Hence, it exists a clear evolution of the sheathing’s composition from lead to copper based alloys that 
could be related to a period of history or even to the country of manufacture of the shipwreck.  
On the other hand, the intensity of emission lines of this set of sheathings has been used to check 
in laboratory our LDA model proposed in section 3.1 using samples different to the training set. In this case, 
the discriminant functions (F1 and F2) have been able to assign successfully the samples as metallic 
sheatings corresponding to Delta I, Delta II and Mercante de San Sebastian and a bronze-alloy as part of 
the Fougueaux. 
 
 
 
Figure 2. Chronocultural sorting of sheathing’s composition from lead to copper based alloys. The main emission 
lines are labeled in the spectra. 
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3.3. Identification of objects in shipwrecks. The wreck of San Pedro de Alcántara 
The wreck of San Pedro de Alcántara, located in the South of Spain, was discovered 10 m deep 
over a sandy bottom area. The wreck presents a military-structure type with a beam of 60 m, 10-12 m of 
breadth. The structure of the boat is covered by sediments, calcareous deposits and marine algae. Prior to 
the LIBS measurement campaign, a site survey was accomplished by the archaeologists from the Centro 
de Arqueología Subacuática (CAS) who located archaeological pieces from the remains of the wreck and 
removed the concretion layer from the sample surface. 
The LIBS instrument was deployed on the vessel’s board while a diver operated the LIBS probe in 
the sea bottom. Figure 3 shows a sequence of different stage of the San Pedro de Alcántara campaign. It is 
.
Figure 3. Pictures taken during the field campaign in the shipwreck of San Pedro de Alcántara. A) Equipment 
deployment; B) operators working from the deck; C) structure of the shipwreck, D) Cannon; E) diver operating the 
LIBS probe; F) LIBS results. 
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observed the deployment of the equipment on vessel’s board, operators working from the deck, the 
archaeological site and the material found in it. As a diver operating the LIBS probe and the spectra results. 
The input pressure for underwater analysis was set to 5 bars, the maximum pressure supported by the 
system. Given the high alteration degree of the samples inspected, we decided to use argon as a purge 
gas, which provided a larger LIBS intensity when compared to air. The influence of argon as protection gas 
on the LIBS signal of an archaeological ceramic is presented in Figure 4. The main emission lines are 
labeled in the spectra. As shown, the use of argon increased the signal 4-fold for the emission line of Ca (I) 
at 422.67 nm when compared to air. Although metallic objects also benefit from the use of Ar, this 
observation is especially noticeable in ceramics. 
A large number of archaeological objects were discovered and analyzed by LIBS during the 
survey. To assign the typical spectrum of a material and in order to ensure the reproducibility of the results,  
 
 
Figure 4: Comparison of the influence of air and argon gas protection on the LIBS signal of an archaeological 
ceramic. The main emission lines are labeled in the spectra. 
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data were acquired by averaging the response of 50 laser shots on three adjacent positions for each 
sample. The analysis was carried out at the same experimental conditions as the classification method 
developed in section 3.1. are summarized in Table 1. Then, acquired spectral intensities were normalized to 
unity for comparative purposes. Each object exhibits a distinctive chemical that was introduced in the 
classification method developed in section 3.1. From the canonical discriminant functions described there 
the unknown findings from the wreck were grouped into several categories easily. Figure 5 presents the 
classification of the set of unknown objects. As shown, samples from the subsea archaeological site were 
unequivocally classified in each of the aforementioned groups. The scatter points (in grey color) from the set 
of samples employed for modeling the classification method are also plotted in the graph. Results for the 
unknown samples classification are summarized in Table 3. Objects were correctly identified as four bronze 
alloys, eight ceramic fragments, seven metallic pieces and four marbles.  
 
 
Figure 5. Classification scatter plot of the first two canonical discriminant functions of modeling developed. The 
scatter points in grey color corresponds to the set of samples employed for modeling the classification method and 
colored spheres represents the set of unknown objects. 
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Table 3. Prediction groups membership for unknown samples. ID sample is constitutes by a letter represents the type 
of sample (A: copper based alloy M: metal, C: ceramic, B: marble) and a number in the group classified. 
 
 
Figure 6 shows a drawing top view of the shipwreck in which the bow is oriented to the northwest 
position and the aft, to the southeast. The drawing describes the state of conservation of the wreck, where 
the shipwreck structure is observed, as well as the way is distributed along the site. The locations of the 
archaeological pieces are also indicated. Chemical composition of each object is detailed as a bar graph 
inset. As shown, various types of samples were identified as defense material such as two iron cannons 
(M2, M4) and a cannon bullet (M3) composed of iron with manganese as a minor constituent. On the other 
hand, pieces of crew clothing present a chemical composition based on copper alloy with zinc in the case of  
jacquet button (A2) and zinc-lead in the case of the belt buckle (A4). Regarding to ceramic fragments, in 
general, are constituted by calcium, magnesium, aluminum, iron, silicon, strontium and titanium; although 
pieces C3, C5 and C7 also contained lead. Some unidentified pieces show a variable chemical composition 
such as metals copper-lead (A3) alloy, and copper-zinc-lead (A1) alloy; and lead (M1, M7) or iron (M5, M6) 
metals. Figure 7 shows all team members who took part in the campaign. 
 
ID 
Prediction group membership (%) 
ID 
Prediction group membership (%) 
Alloy Metal Ceramic Marble Total Alloy Metal Ceramic Marble Total 
A1 100 0 0 0 100 C4 0 0 100 0 100 
A2 100 0 0 0 100 C5 0 0 100 0 100 
A3 100 0 0 0 100 C6 0 0 100 0 100 
A4 99.4 0.6 0 0 100 C7 0 0 100 0 100 
M1 0 100 0 0 100 C8 0 0 100 0 100 
M2 0 91.2 0 8.8 100 M8 0 100 0 0 100 
M3 0 100 0 0 100 M9 0 100 0 0 100 
M4 0 100 0 0 100 M10 13 87 0 0 100 
M5 0 100 0 0 100 A5 88.7 11.3 0 0 100 
M6 0 100 0 0 100 B1 0 0 0.5 99.5 100 
M7 0 100 0 0 100 B2 0 0 0 100 100 
C1 0 0 100 0 100 B3 0 0 0 100 100 
C2 0 0 100 0 100 B4 0 0 0 100 100 
C3 0 0 100 0 100       
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Figure 6. Schematic drawing of the shipwreck. The inset bar diagrams represent the chemical composition of each 
object and the locations of the archaeological findings. 
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Figura 7. Team members who taken part in San Pedro de Alcántara campaing. From left to right top row S. Guirado 
and F.J. Fortes (researcher from UMALaserLab), R. Exposito (audio team), J. Martí, M. Alzaga, N. Rodríguez 
(archeologists from CAS), C. Barbero (ship's captain), R. Liste and D. López (crew) and J.J. Laserna ( Main 
researcher from UMALaserLab). From left to right bottom row L. Pellejero (support of diver), A. Higueras 
(archeologists from CAS), I. Entralla (professional diver) and M. López (researcher from UMALaserLab). 
 
4. Conclusions. 
Using a LIBS sensor deployed on a small vessel, a hand-held probe was submersed by a diver to 
the shipwreck of San Pedro de Alcántara located in the South of Spain over the Mediterranean Sea. LIBS 
data from a variety of objects found in the wreck were collected, logged and accurately geo-positioned for 
post survey analysis. In addition to metallic objects, refractory materials such as rocks and ceramics were 
analyzed. Although algae and calcareous deposits had to be removed from the sample surface before the 
analysis, the LIBS system constitutes a significant step forward, allowing the acquisition of a consistent set 
of spectral data that can be treated by a software based on linear discriminant analysis for assigning the 
chemical identity of the object. The information thus gathered provides valuable data on the identity of 
shipwrecks located in coastal waters. 
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1. Introduction 
Laser-Induced Breakdown Spectroscopy (LIBS) has emerged in the last decade as a promising 
solution for deep sea exploration [1-5]. Deep ocean is one of the most challenging and inaccessible 
environments of the planet, making it difficult to investigate not only the physical, chemical, and biological 
conditions on the seafloor; but also in areas such as water pollution, cultural heritage, hydrothermal vents , 
mining and geological exploitation [6-10]. This study aims to provide insight on the fundamental aspects of 
DP-LIBS that could be useful for developing new chemical sensors for oceanographic surveys [11]. The 
capabilities of laser-based tools can be useful for experimental campaigns in these extreme conditions. In 
particular, LIBS combines many of the required features for these applications, i.e. multielemental 
information, no sample preparation, unlimited range of material capability and real time analysis. Moreover, 
the experimental setup adaptable to automation makes LIBS a good candidate for non-contact sensing [12-
15]. The advance of lasers, spectrograph and detector technology has provided support for integrating 
remote-operated submersible LIBS systems with stand-off access to the sample [1]. Nevertheless, the 
actual realization of such systems is really complex both to design and to handle, thus requiring further 
research efforts. It follows that a significant amount of time is required for developing new sensors for 
oceanography, such as LIBS, as well as comparing it with other approaches in order to identify which is the 
most suitable technique viable for the chemical detection of solids submerged in water at high pressures. 
Evaluation of LIBS analysis of liquids was investigated for the first time in 1984 by Cremers and co-
workers [15]. In this paper, the laser pulse was focused into a bulk liquid, producing its rapid heating at the 
focal point, followed by an explosive expansion and formation of a gas bubble. Since then, a large number 
of studies has been conducted with the aim to clarify the different processes involved during the laser–water 
interaction, including the plasma and vapour bubble formation and the induced shock wave propagation, 
and to optimize approaches for the optical emission collection [16-20]. In order to obtain an optimum LIBS 
signal, different excitation approaches have been evaluated. For instance, single pulse excitation has been 
intensively studied, although, as a consequence of the nearly incompressible fluid medium, the generated 
plasma has a very short persistence, leading to a poor signal to noise ratio. De Giacomo et al. [21-23], and 
other authors such as Lazic et al. [24,25] and Rifaiet al. [26] have discussed the limitations of this approach 
for the analysis of liquids and investigated the potential advantages of the Double Pulse (DP-) LIBS. Briefly, 
in DP-LIBS, the first laser pulse produces a water vapour bubble whereas the second one, fired at an 
optimal interpulse delay with respect to the first one, induces a second plasma inside the previously formed 
bubble. The second laser-induced plasma expands in a gas environment, so that its emission spectra result 
comparable to those of a plasma induced in air, in terms of persistence, resolution and signal-to-noise ratio. 
For all these reasons, DP-LIBS represents a powerful tool for the elemental analysis of bulk water and 
submerged solid samples. In any case, the application of DP-LIBS in oceanography still requires a deep 
study of the phenomena induced by the laser ablation process in water at high pressure. 
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In the last decade, the suitability of LIBS for laboratory characterization of bulk liquids at high 
pressure has been explored [7, 27, 28]. Several experimental parameters have been monitored, such as 
pulse energy focusing geometry and liquid pressure, so to try and make up for the observed decrease of the 
LIBS signal with increasing pressure. The same authors have employed a double-pulse approach in order 
to improve LIBS capability [2]. However, the features of plasmas and cavitation bubbles generated at a 
given interpulse delay are strongly affected by the water pressure. For example, despite the use of DP, a 
negligible signal enhancement has been obtained at static pressures above 100 bar [29]. This suggests that 
DP is not necessarily helpful for applications in bulk liquids. On the other hand, it has been reported by 
Thornton et al. that the use of a long-duration nanosecond laser pulse (150 ns) can significantly improve the 
quality of SP-LIBS spectra [30], as well as the capability to analyze submerged solid targets with single 
pulses [31-32]. With this regards, the quality of DP approach still needs further studies in order to evaluate 
the full range of its benefits over other possible experimental strategies.  
Most recently, the effect of water pressure on submersed solid targets has been fully investigated 
for surveying the laser ablation performed in water during nanoparticle production. As observed in[33],the 
plasma duration and degree of confinement, as well as the cavitation bubble evolution, that are dependent 
on the external liquid pressure, can strongly affect both the yield and structure of the produced particles 
(carbon nanostructures in the mentioned paper). With this in mind, the present study was focused on the 
fundamental aspects of the generation of single- and double pulse- laser-induced plasmas, as well as the 
evolution of the cavitation bubble due to the first laser pulse. We used optical emission spectroscopy for 
plasma characterization and shadowgraph for bubble dynamics study, for investigating the above 
mentioned parameters as functions of the pressure used. For DP-LIBS, we employed the collinear 
configuration. We focused  our attention on the effects brought by the liquid pressure on the spectroscopic 
analysis of submerged solid targets, which we investigated characterizing the DP-LIBS spectra as functions 
of pressure and optimizing the interpulse delay in terms of signal-to-noise ratio. 
The work presented in this chapter is the result of a pre-doctoral research stay carried out inthe 
laboratory of Consiglio Nazionalle delle Ricerche-Istituto di Nanotecnologia (CNR- NANOTEC) and the 
Università degli Studi di Bari Aldo Moro (UNIBA)-Bari, Italy; under the supervision of Prof. Alessandro De 
Giacomo. 
 
2. Experimental Set-up 
Figure 1 presents a schematic diagram of the experimental setup employed in this work. Here, a 
two delayed laser pulses (Nd:YAG laser @532 nm, 10 Hz, 5 ns pulse duration, Quanta System, PILS-
GIANT) were focused by an appropriate optical configuration on a metallic sample placed inside a stainless-
steel chamber x filled with distilled water. The experiments were carried out at different pressures, up to 120  
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Figure 1.Experimental set-up. M1, M2 and M3 mirrors; M2 dichroic mirror; L1 collimating lens; L2 lens; FO fiber optic. 
Dashed lines show the two different detection systems, one for OES measurements and the other for shadowgraph 
images. 
bar. The energy of the two lasers beams was set at 150 and 270 mJ, respectively. The system was 
externally synchronized using a delay and pulse generator (Stanford inc. DG 535). For this study, a collinear 
double pulse configuration was used, i.e., both laser pulses were focused on the sample surface by a quartz 
biconvex lens (5 cm focal length) held in a spacer tube placed in front of the target. The chamber was 
equipped with a rotating target holder, in order to limit drilling effects on the sample surface. A 10 mm axial 
movement for fine adjustments of the focal distance was also possible by means of a micrometric screw. 
The chamber was a stainless steel cylinder with a perpendicular aperture for the laser beam entrance, 
sealed with a sapphire optical window with 532/1064 nm antireflection coating and equipped with spacer 
tubes enabling adjustment of the lens-to-target distance. The high-pressure chamber is equipped with 
several extra ports, each provided with sapphire optical windows, for the acquisition of spectra and 
shadowgraph images. The water outflow was controlled by a micrometric valve that could be either kept 
closed to seal the chamber or opened to produce a regime of controlled flux. The pressure was created by a 
HPLC pump (Shimadzu LC-20AT Prominence) which could work in two modes (constant pressure or 
constant flux) in a pressure range 1-250 bar, in steps of 1 bar. 
For spectroscopic experiments, the plasma emitted light was collected at 90º with respect to the 
laser beam, through the dedicated sapphire optical window, by a 10 cm quartz lens placed outside the 
chamber. The plasma light was focused onto the entrance slit of a monochromator through an optical fiber 
cable. The spectroscopic system consisted of a spectrograph (JobinYvon TRIAX 550) with a grating of 1200 
Chapter 7 
 
178 
 
grooves mm-1 and an ICCD detector (JobinYvon i3000) which was controlled and synchronized by a 
pulse/delay generator (Stanford inc. DG 535). All the emission spectra were acquired with 10 accumulations 
and 5 averages to optimize the signal-to-noise ratio. The employed acquisition time parameters (with 
respect to the second laser pulse) were: delay time of 0 ns and 50 ns; and gate width of 10 µs and 100 ns 
for the used Al and Ti target, respectively. 
The shadowgraph set-up for studying the cavitation bubble dynamics consisted of a continuous 
white light source, a set of lenses to reduce light divergence, a fast Camera (Andor i-Star, DH334T-18F-E3) 
with a tele-objective to acquire the bubble profile and a pulse generator to synchronize the laser pulses with 
the camera. The bubble shadow was collected through a sapphire window at 90º with respect to the laser 
pulse direction. During the acquisition of shadowgraph images, the target holder was stopped in order to 
avoid formation of bubbles along the optical path, which would affect the acquisition. Furthermore, to 
minimize drilling of the sample surface, the target was turned after the acquisition of each shadowgraph 
image. Also in these studies the repetition rate of laser pulses was 10 Hz. The shadowgraph images of the 
laser-induced bubble and shockwave were acquired by using the kinetic mode of the ICCD, with a gate 
width of 1 µs and of 200 ns respectively. The shadowgraph images of the plasma were acquired by using 
the kinetic mode of the ICCD, with a gate width of 500 ns. 
 
3. Results and discussion 
3.1. Underwater laser-induced plasmas 
The main mechanisms responsible for the plasma formation are the same occurring during 
ablation in gas. Briefly, the sequence of the process starts with the laser ablation and the laser induced 
plasma (LIP) production. Due to its fast expansion, a shock wave (SW) is generated. It is important to note 
that the differences between plasma formation in a gaseous environment and inside a liquid are related to 
the plasma confinement and the onset of cavitation effects, i.e. the vapor bubble formation. Due to the 
confinement of the plasma by the nearly incompressible liquid medium and to the fast transfer of energy 
from the plasma to the surrounding liquid, the plumes generated under water are smaller than those 
generated in gas. As a consequence, the plasma persistence is significantly shorter, ending typically few 
microseconds after the laser irradiation [27-29]. 
In order to evaluate the effect of underwater environmental pressure over the physical 
characteristics of the generated plumes, we acquired shadowgraph images at different delays after laser 
irradiation. Figure 2 depicts results obtained for an aluminum target and acquired few microseconds after 
the first laser pulse at three different pressures: 30, 90 and 120 bar. The images clearly show the 
confinement effect of the liquid on the plasma. For instance, the plasma at 90 bar is smaller than the 
corresponding one at 30 bar. In the case of 120 bar it should be considered that, as a consequence of the 
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Figure 2.Plasma shadowgraphy images after the first laser pulse at different delays. The aluminum target was 
submerged in water at 30, 90 and 120 bar. 
thrust of the expanding plasma, the surrounding liquid can reach supercritical conditions [34]. Under these 
circumstances, water is characterized by lower viscosity and surface tension, thus the plasma appears less 
confined than at 90 bar. In general, the strong confinement induced by the nearly uncompressible liquid and 
the steep decrease of the ionization degree and temperature due to the fast transfer of energy to the 
surrounding medium, cause the plasma species to rearrange in particles of nanometric size. This produces 
a colloidal solution in front of the sample that may affect the shot-to-shot reproducibility of LIBS 
measurements [33]. Although the external pressure noticeably affects the LIP dynamics, the ablation 
process itself is not expected to depend on the external pressure [33-35] as a consequence of the 
conditions at the early stages of expansion. In fact, in this case, the ablated matter reaches a number 
density close to that of the sample in the solid phase and an electronic temperature of about 10000 K. In 
these conditions, the initial plasma pressure is in the order of tens of Mbar and consequently, as it is 
reported in [35-38], by considering the range of pressures used in this work, the external pressure at the 
initial stage of LIP expansion can be neglected. Therefore, even if the plasma volume is reduced and its 
shape is changed by the water pressure increase, the plasma parameters (temperature and electron 
density) hold similar values. As mentioned above, after plasma formation, a SW is generated. The 
shockwave is caused by the rapid expansion of the laser-ablated material into the surrounding liquid, which 
generates a sharp, high pressure impulse that expands outwards from the focal point of the laser. It is 
reasonable to expect that, in the range of external pressures employed in this work, the characteristics of 
the SW produced by the LIP expansion do not vary greatly. The outward SW driven in the surrounding liquid 
by the plasma expansion was directly investigated by shadowgraphy experiments. 
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Figure 3A shows images of the SW propagation as a function of the delay time at 30 and 120 bar. 
The relative position of the shockwave at each delay is also labelled in the picture. As shown, the size and 
volume of the SW is similar in both cases. From here, the maximum distance travelled by the front of the 
shockwave is plotted in Figure 3B. Data were acquired at different water pressure: 1, 30, 60, 90 and 120 
bar. Additionally, the inset shows the velocity of the shockwave at each pressure. In the first 10 µs, the SW 
propagation velocity is in the order of the speed of sound in water, around 1500 m s-1, for each value of 
pressure. It is well known that, when external pressure increases, the propagation of the SW should vary of  
 
 
Figure 3.Time-resolved shadowgraph images of shockwave front, at atmospheric pressure and 120 bar. (a) Laser 
focused on an Al in water at 1, 30, 90 and 120 bar of pressure; (b) shockwave front space vs delay time plot. 
Graphical inset shockwave velocity vs environment pressure plot. 
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a few tens of units, but as a consequence of the experimental uncertainty of our measurement, we are not 
able to clearly appreciate this difference. Nevertheless, such similar values of the SW propagation velocity 
confirm that the initial thrust due to the breakdown is almost the same at all the external pressures 
investigated in the present work. 
 
3.2. Effect of hydrostatic pressure on the cavitation bubble expansion 
The plasma induced by a laser shot releases its energy to the surrounding liquid and generates a 
thin vapour layer at the border of the plasma, which evolves into a cavitation bubble. The behaviour of a 
cavitation bubble induced by laser ablation in water at 1 bar has been already investigated [23, 24]. For 
comparative purposes, we used fast shadowgraph to study the dimensions and shape of the vapour bubble 
formed after the first laser pulse at different pressures. Frames acquired at different delay times at a 
pressure of 1 bar are shown in Figure 4. The temporal evolution of the bubble size is characterized by three 
stages: first, the expansion stage; then, the stage of maximum expansion; and finally the 
compression/collapse stage. At 1 bar, the bubble expansion was well discerned even at 2 μs from the laser 
pulse ,whereas the maximum bubble size was observed at 250 µs. In this stage, the shape of the bubble is 
a hemisphere [39]. Afterwards, at the maximum expansion, the pressure inside the bubble is lower than the 
external one, and consequently the bubble starts to shrink. Thus, the size decreases until 950 µs. At the 
collapse stage, a rapid increase of the gas temperature and pressure inside the bubble produces a re-
expansion of the cavitation bubble. Additionally, if enough energy is accumulated in the bubble, its 
oscillations can continue for many cycles of both expansion and collapse [24]. 
The temporal evolution of the cavitation bubble has been studied as a function of the external 
pressure (30, 90 and 120 bar). Results are depicted in Figure 5. The size of the cavitation bubbles observed 
at a longer delay time was significantly smaller by increasing the water pressure. Also, Figure 5 shows that, 
regardless of pressure, a cavitation bubble starts to appear during the early stage of the processes. Thus,  
 
 
Figure 4. Time-resolved shadowgrams of the laser-induced cavitation bubble on an Al sample submerged in water at 
1barr. 
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the initial expansion velocity along the x-direction was similar for the three studied cases, that is around 40 
m/s. This observation reveals that the effect of hydrostatic pressure is negligible during the early stage of 
the expansion process [40]. Beyond this point, the evolution of the dynamic expansion process diverges for 
the different pressures. At 120 bar, the cavitation bubble could not be discerned at early times. The 
maximum bubble expansion occurs at 15, 10 and 7 µs for 30, 90 and 120 bar, respectively, whereas the 
collapse was observed at 28, 17 and 9 µs, again depending on hydrostatic pressure. The velocities 
calculated at the collapse stage were 30, 70 and 90 m/s at 30, 90 and 120 bar, respectively [40]. Thus, a 
pressure increase influences the expansion and cooling of the vapour bubble, leading to a decrease of the 
bubble size and lifetime, as it can be observed in Figure 5. We considered the volume instead of the radius 
to estimate the bubble size, in order to take into account that hydrostatic pressure can distort the bubble 
shape. In fact, due to the external pressure, the bubble expands differently along the x and y directions, 
thus assuming an ellipsoidal shape [41-42]. The observed variations of bubble size and lifetime are in good 
agreement with those found in [43], where a range of pressures up to 50 bar was evaluated. 
In Figure 5, a secondary bubble can be observed. This is assumed to be produced by the rapid 
increase of both the internal temperature and pressure of the cavitation occurring bubble just after its 
collapse. After rebounding, the bubble shape changes again, because it is now constituted by both water  
 
 
Figure 5. Representative time-resolved shadowgraphy images of the bubble induced by a single laser pulse at 
different water pressures (30, 90 and 120 bar, respectively). The images were acquired at various delay times with a 
gate width of 500 ns. 
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vapour and the nanomaterials produced during the cooling down of the plasma [44]. By increasing the water 
pressure, the collapse velocity along the x-direction also increases and a pronounced bubble rebound 
followed by its displacement with respect to the target surface takes place. On the contrary, at atmospheric 
pressure, the rebound phase can be observed according to the initial laser energy, but is not accompanied 
by any displacement of the bubble with respect to the target position. 
 
3.3. Double pulse LIBS underwater at high pressure 
Keeping in mind the general description of the laser-induced bubble at different pressures, DP-
LIBS underwater requires a careful optimization of the interpulse delay. In agreement with the conclusions 
of a previous work [22] performed at atmospheric pressure, the optimum interpulse delay time could be 
expected to match the maximum expansion of the bubble. In such a situation, the plasma produced by the 
second pulse expands in a cavitation bubble with more favourable pressure conditions than those at the 
initial stage of the bubble expansion or the final stage of the bubble collapse. It has recently been observed 
that, in these initial and final stages, a significant part of the energy of the second laser pulse is spent in the 
interaction with the NPs generated by the first laser pulse [39]. This causes the breakdown of the just 
formed NPs and, accordingly, the production of a secondary plasma. Hence, the secondary plasma is 
generated at a distance from the target and it partially prevents the second laser pulse from ablating the 
sample. On the contrary, at the maximum of the bubble expansion, that is when its volume is the largest, 
the NP concentration in the bubble reaches its minimum and this shielding effect occurs to a lesser extent. 
As an example, Figure 6 shows the effect of the plasma produced by the second laser pulse within the 
bubble generated by the first laser pulse. The interpulse delay time was set at the maximum bubble 
expansion, 250 µs at atmospheric pressure. Therefore, the presence of NPs must be taken into account,  
 
 
Figure 6.Plasma shadowgraphy images of the effect produced by the second pulse on the NPs generated by the first 
laser pulse. Interpulse delay:250 µs, pressure: 1 bar. 
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especially when DP-LIBS is performed at high external liquid pressures. In these conditions, the bubble 
volume is smaller and the NP concentration higher than at atmospheric pressure. Figure 7 shows some of 
the images of the second laser-induced plasma, taken at several interpulse delay times at the 
representative water pressures of 30 and 90 bar. The interpulse delay times used in this experiment were 
chosen in correspondence with the maximum of the bubble expansion. The images of the plasma induced 
by the second laser pulse were compared with those produced by the first one. The plasma aspect ratios 
(Rx/Ry) on the left of Figure 7 clearly indicate that the second plasma induced inside the first bubble has a 
more spherical shape. A rigorous treatment of the aspect ratio reported in Figure 7 would require to take 
into account the image distortion due to the shape of the induced cavity around the plasma. Nonetheless, 
for the scope of the present discussion we suppose that, as the plasma fills up completely the cavitation 
bubble during the expansion, this effect may be reasonably neglected. 
On the other hand, from the spectroscopic point of view, and contrary to what observed at 
atmospheric conditions [33], emission spectra at high pressure are characterized by self-absorbed lines on 
the continuum radiation. This is shown in Figure 8 for titanium spectra acquired at 30 bar. The 
predominance of the continuum spectra in the LIP can be ascribed to the Debye-Hückel’s high density  
 
 
Figure 7.Comparison between the plasma shapes produced by the first laser pulse and the second laser pulse at two 
representative water pressure values: A) 30 bar and B) 90 bar. The temporal trend of the plasma aspect ratios and 
the plasma shadowgraphy images are reported on the left and right hand side, respectively. 
 
DP-LIBS of a solid in water: effect of hydrostatic pressure on LIP, cavitation bubble and emission spectra 
 
185 
 
 
 
Figure 8.Spectrum of DP-LIBS of Ti in water at 30 bar together with a graphical inset of the corresponding Boltzmann 
plot. 
effect on the cut-off of excited levels due to the high value of the electron number density at the initial stage 
of the plasma expansion [45]. In this condition, the radiative recombination is the main source of radiation in 
the plasma and in the specific case of a high pressure liquid medium this phenomenon is particularly 
effective [33] due to strong confinement. Therefore, as electron number density decreases along the 
propagation axis, it is reasonable to suppose that, in the external region of the LIP, the Debye-Hückel’s 
limitation of available electronic levels does not occur anymore. Although the initial temperature of the front 
head of the plasma is very high, the fast transfer of thermal energy from the plasma to the surrounding 
environment causes the peripheral zone to cool down sooner than the plasma interior and thus the 
occurrence of self-absorption of the continuum radiation. This effect is very similar to Fraunhofer absorption 
observed in the spectra of stars and it has been reported in a previous work dealing with DP-LIBS in sea-
water, where sodium lines appeared reabsorbed on the continuous Ti-LIP spectrum [23]. 
In order to exploit the self-absorbed lines for analytical purposes, it is important to check that their 
intensity is proportional to the total number density of the ablated species, which can be investigated by 
their atomic energy distribution function. If the distribution has a Boltzmann form, it means that the peak 
intensities are almost completely absorbed on the continuum, and, through the Boltzmann relation, this 
implies that the intensity of the single line is proportional to the total number density of the ablated species. 
The inset of Figure 8 shows the corresponding Boltzmann plot. The absorbed lines have a Boltzmann 
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distribution which suggests the possible use of such signals for analytical purposes. Moreover, as it has 
been already demonstrated by Sakka et al. [46], the width of the self-reversed lines can also be used for 
determining the local electron density, which in this case results to be around 1018 cm-3 and represents the 
electron number density in the plasma zone where the species are absorbing the continuum radiation. 
In order to optimize the DP-LIBS signal, the emission intensity observed during the Al-target 
ablation performed at different pressures was investigated. Figure 9shows the absorbed area of the 
transition of Al (I) at 396.15 nm as a function of the interpulse delay at different water pressures. In order to 
show the correlation between plasma emission intensity and bubble dynamics, the bubble volume is also 
reported in the figure. As expected, the maximum intensity was detected at the interpulse delay of maximum 
bubble expansion. As an example, Figure 10 shows the Al spectra as functions of interpulse delay with a 
liquid pressure of 30 bar. It is worth noting that, while atomic transitions appear as absorbed peaks on the 
continuum, ionic transitions appear as typical emission lines. This can be due to two reasons: i) in Debye 
Hückel’s theory the effect on the limitation of the allowed levels depends on the ionization energy of the  
 
 
 
Figure 9.Comparison between the laser-induced bubble volumes and the corresponding area of the DP-LIBS signal 
of Al (I) at 396.15nm as functions of the interpulse delay at three different pressure values (30, 90 and 120 bar). 
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Figure 10.DP-LIBS spectra of Al in water at 30 bar as a function of the interpulse delay. 
species. Ions have much higher ionization energy than atoms, thus they are less affected by high electron 
density effects and their excited levels become available before those of the atoms; ii) ion emission comes 
from the inner part of the plasma and therefore it does not undergo to Fraunhofer-like absorption effects. 
 
 
 
Figure 11.DP-LIBS spectra of Al in water at three different pressures (30, 90 and 120 bar) acquired at the best 
interpulse delay (15, 10 and 7 µs, respectively). 
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Figure 11 reports the Al spectra acquired at the best interpulse delay for three different pressures. 
This figure clearly shows that the amount of spectral information decreases by increasing the working 
pressure. Indeed, at high pressures the bubble expansion is unable to reach the saturation pressure (i.e. 
the equilibrium condition with the surrounding liquid [33]), because the high external pressure causes the 
vapor inside the cavitation bubble to condense. This consideration suggests that the plasma is more and 
more confined as the liquid pressure increases and, consequently, that the main contribution to spectra is 
continuum radiation rather than spontaneous emission. Recombination and high density effects become so 
severe with increasing pressure that at 120 bar even ionic peaks disappear from the spectrum. 
 
4. Conclusions 
Time-resolved optical emission spectroscopy and shadowgraph were used to investigate single-
pulse bubble formation and double-pulse plasma emission in collinear DP-LIBS of aluminium submerged in 
water at pressure up to 120 bar. Plasma persistence and cavitation bubble size and lifetime were observed 
to considerably decrease upon increase of hydrostatic pressure, and the optimum interpulse delay 
decreased accordingly. Furthermore, as a result of the reduced dimensions and lifetime of the cavitation 
bubble, also the DP-LIBS emission enhancement decreased by increasing the applied pressure. Finally, we 
observed that, as a consequence of the fast decrease of temperature in the peripheral regions of the 
plasma, atomic transitions appear as absorption peaks on the continuum radiation. The intensity of these 
absorbed spectral lines resulted proportional to the total number density of the ablated species and their 
atomic energy distribution function had a Boltzmann form. This implies that the peak intensities are almost 
completely absorbed on the continuum, suggesting that the use of these spectra for elemental analysis with 
conventional methodologies is still feasible. 
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1. Introduction
Laser-induced breakdown spectroscopy (LIBS) is well suited for in situ, non-contact and remote 
multi-elemental analysis since only optical access to the sample is required for analysis. Additionally, no 
sample preparation is required and the results are obtained in real time [1, 2]. Advantages of LIBS are 
particularly useful for applications in extreme, hostile, and inaccessible environments such as surveys of 
nuclear powers plants [3, 4], planetary [5, 6] and deep-sea explorations [7, 8]. In particular, in the field of 
oceanography, a large number of studies have focused in the chemical determination of seawater or 
hydrothermal vent fluids composition. For the chemical and biological point of view, the investigation of the 
involved processes takes a special relevance in marine chemistry and geochemistry and also in the 
understanding of the hydrothermal vent ecosystems [9-13]. For this purpose, the integration of LIBS 
technology in the development of chemical sensors with remotely operated vehicle (ROV) is a future 
perspective for the technique.  
LIBS analysis of liquids has been extensively investigated since 1984 [14]. The dynamics and 
evolution of laser driven shock waves in water was also discussed in earlier reports [15, 16]. In fact, the 
laser–water interaction when a laser pulse is focused into a liquid produces rapid heating of the liquid 
followed by its explosive expansion and formation of a gas bubble [17, 18]. As a consequence, the lifetime 
of the plasma generated is very short leading to a poor signal when using single pulse excitation. De 
Giacomo et al. [19] discussed the limitations of this approach for the analysis of liquids and the peculiarities 
of double-pulse (DP-) LIBS as an invaluable analytical tool for the elemental analysis of bulk water and 
submerged solid samples from both the experimental and theoretical points of view. However, when LIBS is 
used for in situ marine applications, the pressure effect induced by the depth is a key parameter that should 
be considered since it significantly influence the plasma expansion. In previous reports [11, 13, 20], the 
effect of oceanic pressure on a simulated hydrothermal vent fluid was evaluated. For this purpose, studies 
were performed up to 270 bar and the experimental conditions for LIBS detection were properly optimized. 
However, the effect of water pressure was only noticeable in a regime of high energy, resulting in a 
decrease in signal intensity. Later, in an attempt to improve LIBS detection, the employment of a DP 
approach was also evaluated [12, 21, 22]. Under simulated oceanic conditions, a weaker emission was 
achieved even in a DP-LIBS configuration, mainly due to a confinement effect of the laser-induced plasma. 
Thus, no signal enhancement was observed beyond 100 bar for bulk liquids and 146 bar for immersed 
solids [23]. Most recently, the use of a long-duration pulse >100 ns can yield significant enhancements in 
signal quality for underwater samples [24, 25]. Well resolved spectra were acquired for both bulk liquids [26] 
and submerged solids [27] at pressures up to 300 bar. No effect of external pressure was observed using a 
long-duration laser pulse. Furthermore, based on these studies, the University of Tokyo incorporated a long-
duration laser pulse in a cylindrical probe mounted in the articulate arm of a remotely operated vehicle 
Chapter 8 
 
196 
 
(ROV) [7]. This prototype was tested for close-contact multielemental analysis of seawater and 
hydrothermal deposits at approximately 3000 meters depth. 
In the last few years, an application area of growing interest is the chemical characterization of the 
submerged cultural heritage. The first in-situ submarine LIBS analysis of solid samples was published in 
2012 by the University of Málaga [28]. The instrument developed for this task consisted of a main unit for 
laser-fiber coupling and signal detection, and of an underwater probe, interconnected by means of a 40 m 
long umbilical cord. The system was controlled from a vessel while the LIBS probe was operated by a 
professional diver. This prototype was tested using a set of archaeological materials for close-contact 
multielemental analysis at a depth of 30 meters. An improved version for the remote LIBS instrument based 
on the transmission of a train of pulses through the optical fiber cable was also presented. The capabilities 
of the system have been demonstrated for inspection of a shipwreck situated at a depth of 17 m in the 
Atlantic coast of Andalucía [29, 30]. 
In view of what found in the bibliography, and the potential capabilities of LIBS technology, it would 
be feasible to design, in a remotely operated vehicle, a standoff LIBS (ST-LIBS) system to analyze the 
samples of interest at certain distances. Underwater ST-LIBS involves the delivery of a focused laser pulse 
toward the distant target through the aqueous media and then, the transmission of the light emitted by the 
laser-induced plasma back to the detection system. In a previous report, the potential of LIBS analysis in an 
open-path configuration for chemical characterization of archaeological materials [31] was investigated. The 
experiment was carried out in the laboratory inside a water tank at atmospheric pressure. Based on these 
preliminary results, the main motivation of this work is to increase the range of analysis. Thus, several 
experiments have been performed in a high pressure chamber in order to evaluate LIBS response under 
oceanic pressure. Experimental considerations including the lasers beam energy, the interpulse delay time 
and the configuration for plasma collection have been evaluated. The effect of water temperature on LIBS 
signal has been also studied. In addition, the possibility to analyze complex sample of greater 
archaeological interest such as copper alloys has been also evaluated at different pressure values. 
 
2. Experimental set-up 
2.1. Instrument 
A laboratory LIBS system was designed to operate with a high-pressure chamber. A schematic 
diagram of the experimental setup can be seen in Figure 1. The laser source was at 532 nm Q-switched 
Nd:YAG (10 Hz, 400 mJ pulse-1, 7 ns pulse width) dual pulse laser system (Brilliant Twins, Quantel, 
France). Both delivered laser beams are spatially overlapped and were directed via two reflecting mirror and 
a dichroic mirror (with high reflectivity for 532 nm at 45º and transparent to the emission of the plasma), the  
Effect of high-pressure on LIBS signal for oceanographic applications 
 
197 
 
 
Figure 1: Experimental set-up. M1 mirror; M2 dichroic mirror; L1 focusing lens; L2 collimating lens; FO fiber optic. 
latter being placed just before the focusing lens, into the sample surface. In order to simulate the real 
conditions in a marine environment, samples were placed (perpendicular to the laser beam) inside a high 
pressure chamber of 80 ml capacity and 135 mm x 130 mm x 115 mm dimensions. The high pressure 
chamber has been extensively described in Chapter 3. The chamber was positioned on three crossed 
stages which allow precise movement in xyz directions. The laser beam was focused onto the sample 
surface by a BK7 lens, 75 mm focal length and 1 inch diameter. The output energy was variable depending 
on the experiment, reaching a maximum value of 160 mJ pulse-1 for the first laser and 215 mJ pulse-1 for the 
second laser. The repetition rate was set at 10 Hz. Plasma emission was observed along the optical axis 
through the dichroic mirror and was focused by a plano-convex BK7 lens (100 mm focal length and 2 inch 
diameter) into the spectrometer with an optical fiber (2 m length, 600 µm diameter, NA 0.22). The 
spectrometer is Shamrock 303i (Andor Technology) Czerny–Turner scheme (303 mm focal length, f/4, 15 
µm slit) fitted with an intensified charge-coupled device (ICCD) detector (1024 x1024 pixel, 26 mm pixel, 
intensifier tube diameter 25 mm). The gathered light was then spectrally resolved using two diffraction 
gratings with 1200 groove mm-1 blazed at 300 nm and 300 groove mm-1 blazed at 500 nm , which provided 
a spectral window of 40 nm (0.04 nm spectral resolution) and 140 nm (0.14 nm spectral resolution), 
respectively. Operation of the lasers was externally controlled by a delay and pulse generator (Berkeley 
Nucleonic model 565-4C) which allows the synchronization of both laser pulses and the control of data 
acquisition and interpulse delay. The target was moved and the water was changed to avoid the effect of 
the formation of the suspended particulate. In general, to improve the sensitivity, the signal was integrated 
for 5 laser shots. 
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2.2. Samples 
Optimization of experimental conditions was performed using a Fe foil (Sigma-Aldrich, 250 mm 
nominal thickness and purity better than 99.9%). In addition, two certified bronzes standard (BCR 691) with 
variable concentrations (Bronze A: 78.7 % Cu, 7.2 % Sn, 7.9 % Pb, 6 % Zn, 0.2% As; Bronze B: 82.7 % Cu, 
2.1 % Sn, 0.4 % Pb, 14 % Zn, 0.8 % As) were also used. Data were obtained by averaging 5 laser shots 
and was measured 10 times in each different position. 
 
3. Results and discussion  
Due to the confinement of the plasma by the nearly incompressible liquid medium and to the fast 
transfer of energy from the plasma to the surrounding liquid, the spectral emission is characterized by a 
really short duration, leading to a poor signal when using single pulse excitation [32]. In order to increase 
LIBS performances in liquids, several experimental configurations, mainly based in a sequential excitation 
approach, has been suggested in the literature [19]. In this approach, the first laser pulse produces a gas 
bubble whereas the second pulse ablates the sample and re-excites the plasma inside the bubble. Figure 2 
presents a comparative LIBS spectra of a bronze sample in both single pulse and double pulse 
configuration taken underwater. As observed, no signal emission was collected in single-pulse excitation,  
 
 
Figure 2. Comparison of LIBS spectra of bronze sample taken after single (Laser energy 216 mJ, gate width 500 ns, 
delay time acquisition 15 ns) and dual pulse (First laser energy 160 mJ, second laser energy 216 mJ, gate width 8 
µs, delay time acquisition 100 ns, interpulse delay time 100 µs) excitation. 
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while the spectra collected after the second pulse shows the characteristic emission lines of the sample. 
However, as seen in chapter 7, the enhancement of signal intensity will be correlate to the moment of 
maximum expansion of the bubble induced by the first laser pulse. Thus, optimization of temporal conditions 
is almost critical. On the other hand, some operational parameters such as laser pulse energy, the 
configuration of the collection system as well as the effect of water temperature on signal emission take a 
special relevance in the LIBS application for oceanography.  
 
3.1. Underwater DP LIBS of solid samples. Optimization of temporal conditions 
Figure 3 shows the temporal evolution of an iron target submerged in water at atmospheric 
pressure. In order to improve the signal to noise ratio (SNR), emission spectra were averaged over five 
laser shots. Initially, the typical high background spectral, which is essentially due to mechanisms involving 
free electrons (inverse Bremsstrahlung, radiative recombination, photo-ionization) [32] prevails. Several 
tens of nanoseconds after the laser pulse arrives, spectral lines start to be more clearly defined from the 
spectral continuum. Here the electron number density is still very high and the spectral lines are broadened 
by the Stark effect due to electron collisions [33]. For the remaining part of the expansion, the spectral 
characteristics are governed by the decreasing electron number density, and consequently the spectral 
lines become smaller and narrower. Optimization of the acquisition delay was based on the signal to noise 
ratio. Results are plotted in Figure 4. The emission line of Fe (I) at 330.57 nm was selected. As shown, the 
maximum signal to noise ratio, approximately 60 (a.u.), was acquired at 300 ns.  
 
 
Figure 3. Emission spectrum of iron in water at different delay time after the second laser pulse. Gate width 200 ns 
and interpulse delay time 100 µs. The selected value at 300 ns is in red. 
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Figure 4. Signal to noise ratio of iron at 330.57 nm in water at different delay times after the second laser pulse. Gate 
width 200 ns and interpulse delay time 100 µs. 
 
In this experiment, the signal to background ratio was studied as a function of the interpulse delay 
time (Δt). As observed in Figure 5, a more intense and well resolved signal was acquired at Δt 125 µs, that 
will be coincident at the maximum bubble expansion created by the first laser pulse. This fact was explained 
in detail in Chapter 7 and also is in good agreement with those found in a previous report [34]. In the 
present study, spectra were acquired in the temporal range between 25 to 400 µs. As revealed by the LIBS 
spectra appearing in the inset of Figure 5, the selection of the optimum interpulse delay time is critical and 
have a significant influence over the spectral resolution and the analytical quality of LIBS spectra. The inset 
of Figure 5 shows that the signal-to-background ratio is higher at the optimum Δt, 125 µs, when compared 
to 25 and 400 µs, at the beginning and the collapse of the bubble expansion, respectively.  
However, signal enhancement observed at atmospheric pressure does not correspond to an 
increase in the water pressure. Figure 6 compares the temporal evolution of the laser-induced plasma in 
iron, in both 1 and 25 bar. As shown, both pressures present a similar trend although the acquired emission 
spectra are higher at atmospheric pressure. Also, signal intensity initially increases with Δt at a similar rate. 
The emission line Fe (I) at 330.57 nm was selected. Nevertheless, the plasma lifetime is considerably 
reduced when increasing the water pressure. In this sense, the optimum interpulse delay time (Δt opt) 
decreases rapidly from 125 µs at 1 bar, to 11 µs at 25 bar. For this experiment, the employed energy was 
60 mJ pulse-1 for the first laser pulse and 92 mJ pulse-1 for the second laser pulse. Furthermore, results 
obtained are in good agreement with those described in Chapter 7, in which an increase in water pressure  
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Figure 5. Signal to background ratio of Fe (I) at 330.57nm as a function of the interpulse delay time (Δt). Spectra inset 
correspond to interpulse delay 25 and 400µs in blue; 125 and 300 µs in red. E1 61 mJ, E2 215 mJ, gate width 8 µs, 
delay time acquisition 300 ns. 
 
 
Figure 6. Signal to background ratio of Fe (I) at 330.57nm as a function of the interpulse delay time (Δt) at two 
different pressures. E1 60 mJ, E2 92 mJ, gate width 8 µs, delay time acquisition 300 ns. 
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(1–120 bar) caused a significant decrease in the maximum bubble size and bubble lifetime. Thus, the 
optimum interpulse delay, coincident with the maximum bubble expansion in which is observed the 
maximum emission intensity, was reached at shorter interpulse delay. Furthermore, these trends also are 
coincident with previous reports [22, 34]. 
 
3.2. Underwater DP LIBS of solid samples. Influence of laser energy  
Once optimized the temporal conditions for underwater DP-LIBS, the next step was to evaluate the 
influence of laser beam energy on LIBS signal. At this point, in the case of iron, the optimum temporal 
conditions are: Δt, 125 µs at 1 bar and 11 µs at 25 bar; gate delay (td), 300 ns; and the integration time 8 
µs. 
In order to simplify the study, the experiment was initially performed at atmospheric pressure. The 
emission line Fe (I) 330.57 nm was used for this purpose. In a first step, the energy of the first laser pulse 
(E1) was evaluated in the range 36-162 mJ pulse-1 while the energy of the second laser pulse (E2) was kept 
constant at 215 mJ pulse-1. Each point in the graph results from the averaged of ten spectra. Results are 
depicted in Figure 7. The signal to background ratio (SBR) is plotted as function of the interpulse delay time 
in the range from 0 to 500 µs, at different E1 values. As observed, at higher E1, 162 mJ pulse-1, the signal to  
 
 
Figure 7. Effect of E1 on the signal to background ratio of Fe (I) at 330.57nm as a function of the interpulse delay time 
(Δt) at 1 bar. E2 was kept constant at 215mJ. 
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background ratio is larger, probably due to that a more energetic first plasma is induced at higher pulse 
energy. In addition, the lifetime of the laser-induced plasma is considerably reduced from 162 mJ pulse-1 to 
36 mJ pulse-1. This fact could be due to that at 162 mJ pulse-1 the plasma induced by the first laser pulse 
produced a longer bubble lifetime in which the maximum bubble expansion is kept for longer time. This 
hypothesis is in good agreement with the results explained in Chapter 7. There, the size of the laser-
induced bubble was measured by shadowgraphy and was compared to the emission intensity after the 
second laser pulse. Thus, it was observed that signal intensity was directly proportional to the bubble 
volume. Moreover, in Chapter 7, the effect of pressure over the bubble lifetime and bubble dynamics was 
also described. 
On the other hand, the effect of E2 on LIBS signal is shown in Figure 8. For this experiment, E2 was 
evaluated in the range 7-215 mJ pulse-1 while E1 was kept constant at 60 mJ pulse-1. As seen, at 
atmospheric pressure, signal intensity increases until reaching a maximum value at 50 mJ pulse-1. From 
here, LIBS intensity start to decrease probably due to the plasma shielding effect. Plasma shielding occurs 
when the plasma itself reduces the transmission of the laser-pulse energy along the beam path like what 
was observed in previous report [13]. At higher pressure, 25 bar, the behaviour of signal intensity is quite 
similar. In fact, results depicted here show that the optimization of laser beam energy depends on two 
aspects: a) E1 must be set at the maximum energy to provide an increased bubble lifetime, and b) E2 must 
be set to a certain value that avoid the plasma shielding effect.  
 
 
Figure 8. Effect of E2 on the LIBS signal intensity of Fe (I) at 330.57nm at two different pressures. E1 was kept 
constant at 60 mJ. Interpulse delay was fixed at 125 and 11 µs for 1 and 25 bar respectively. 
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3.3. Influence of plasma light collection geometry 
Figure 9 compares the influence of plasma collection geometry on LIBS signal. Several 
alternatives has been proposed for plasma collection. The schematic diagrams are detailed in Figure 9A. 
Thus, the optical arrangements for plasma collection were evaluated: i) orthogonal to the incident laser 
pulse, ii) 45º with respect to the incident laser and iii) coaxial to the incident laser pulse. As described in the 
experimental set-up section of this Chapter, the focusing of the laser beam radiation was exactly the same 
for the three evaluated configurations.  
 
 
Figure 9. A) Optical collection geometry used. FO fiber optic, M1 is a dichroic mirror, L1 and L2 is a plano-convex 
lens 75 mm focal length, and L3 is a plano-convex lens 100 mm focal; B) LIBS signal intensity of Fe (I) at 330.57nm 
at different collection geometry using E1 60 and E2 50 mJ; C) LIBS signal intensity of Fe (I) at 330.57nm at different 
collection geometry E1 60 and E2 215 mJ. 
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Underwater plasmas were performed in iron samples. Figure 9B shows LIBS spectra in the 
spectral range 324-334 nm for three proposed alternatives at experimental conditions of E1 60 mJ pulse-1, 
E2 50 mJ pulse-1 and Δt: 125 µs. The emission line Fe (I) at 330.57 nm was selected for LIBS experiments. 
Under these conditions, the maximum signal intensity was observed in the coaxial configuration, 65000 
counts, in contrast to the 38000 and 17000 counts achieved at 45º and 90º, respectively. This fact could be 
attributed to that maybe a minor section of plasma light emission is collected at 45º and 90º configuration. 
However, the plasma is entirely focused in the FO using a coaxial configuration, hence increasing the 
quality of LIBS signal.  
However, when increasing the energy of E2, the maximum signal intensity was achieved at 45º with 
respect to the incident laser pulse. The corresponding LIBS spectra are plotted in Figure 9C. In this case, 
the experimental conditions were E1 60 mJ pulse-1, E2 215 mJ pulse-1 and Δt: 125 µs. As described in 
section 3.2, a plasma shielding effect was observed at higher E2 values [13, 34]. Thus, the shielding effect 
interrupts the light transmission through the optical path in the coaxial configuration. This effect is less 
pronounced when the plasma light was collected at a certain degree with respect the incident laser pulse, it 
means 45º and 90º. Nevertheless, best results were achieved using low energy value and a coaxial 
collection configuration. In view of these results, the design and develop of an oceanographic sensor would 
be simplified with a coaxial DP LIBS configuration. 
 
3.4. Influence of water temperature on LIBS signal 
Figure 10 shows the influence of water temperature on the LIBS signal. For this study, the applied 
pressure was 1 and 25 bar in a water temperature range of 5 ºC to 30ºC. The selected spectral line for this 
study was Fe (I) 330.57 nm and the interpulse delay time was set at the optimum for each pressure (1 bar, 
Δt: 125 µs; 25 bar, Δt: 11 µs). The laser beam energy was E1: 160 mJ pulse-1 and E2: 215 mJ pulse-1. 
Water was sequentially cooled in steps of 5 ºC. The water temperature was appropriately homogenized 
throughout the water volume in order to ensure that the temperature in the vicinity of the sample was the 
same as the rest of the chamber. Each point in the graph represents the average intensity of 5 replicate 
measurements. As shown, the signal intensity markedly falls in the range of 15ºC to 20ºC. From here, the 
slope is quite smooth and the signal gradually decreases up to 5 ºC. This behaviour is similar in both 
pressures. Hence, results obtained at 25 bar are quite promising and suggest the possibility of LIBS 
analysis at least at 250 meters deep since at this pressure the water temperature is around 20 ºC [31]. 
Thus, assuming that in DP-LIBS the plasma features strongly depend on the laser-induced bubble created 
by the first laser pulse; it is plausible that variations in the properties of water will affect the cavitation 
dynamics and bubble expansion and consequently the signal emission [35]. In water, the refractive index n 
increases with salinity pressure, with a decrease in temperature. In principle, one might think that a  
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Figure 10. Effect of water temperature on the LIBS signal of Fe (I) at 330.57nm at two different pressures. Interpulse 
delay was fixed at 125 and 11 µs for 1 and 25 bar respectively and E1 160 mJ E2 215 mJ. 
change in the refractive index may affect the focal beam conditions, however, at atmospheric pressure n is 
calculated to be 1.333 at 0 ºC and 1.332 at 20 ºC; and at 25 bar 1.333 at 20ºC [36]. Therefore, this change 
is negligible and reasonably discards this possibility. Other properties of water such as density and viscosity 
also change with temperature. As shown in Table 1 [37], both parameters are inversely proportional to the 
temperature. In the range from 15ºC to 5ºC the water density is close to its maximum 0.999 g/cm3; and the 
viscosity increases around 34%. These data are compatible with the change in slope observed in Figure 10. 
The increase in density and viscosity affects the dynamics of the cavitation bubble, slowing down its 
expansion and increasing the time needed to reach its maximum radius. At a fixed interpulse delay, the 
second pulse does not interact with the solid at the maximum bubble expansion, so the signal enhancement 
due to DP-LIBS is less effective, thus explaining the decrease in signal emission with the decrease of water 
temperature [31]. 
In addition to this, plasma formation inside liquids lack efficiency because a great percentage of 
laser energy is expended for liquid vaporization. Thus, only a portion of the incident laser radiation is 
involved in material ablation. At low water temperature, this effect could be even more pronounced due to 
the large thermal diffusivity of iron 2.5 x 10-5 m2 s-1 [38]. Then, also the decrease in signal emission may be 
explained to a certain extent by energy cost for heating the sample due to decreasing of the environment 
temperature. 
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Table 1. Properties of water such as density and viscosity as function of temperature [37]. 
 
3.5. Influence of water pressure on LIBS signal. Matrix effect  
In situ chemical analysis of submersed materials constitutes a technology area of growing interest. 
In subaquatic archaeology, metallic objects are the most appreciated due to their shortage and intrinsic 
heritage value. Knowledge of quantitative elemental composition of this kind of samples makes possible the 
assignment of the manufacturing period and the classification of the metallic objects. Hence, the chemical 
composition extracted from a LIBS analysis gives archaeologists additional information to better understand 
our history. In the particular case of copper-based alloys, the matrix effects of this kind of sample which 
provides a different plasma behaviour, due to the variation of physical and chemical properties of the 
elements integrating the matrix and consequently influence the mass ablation rate and other processes 
occurring in the plasma. The objective of this study was to evaluate the influence of water pressure on 
matrix effects. For this purpose, two bronze samples were examined in the range 1-60 bar. The laser 
beams energies were E1: 160 mJ pulse-1 and E2: 215 mJ pulse-1. LIBS spectra were acquired in the spectral 
range 380-525 nm. The main emission lines of Cu at 521.82 nm, Pb at 405.78 nm and Zn at 481.05 nm 
were selected for this study. It must be taken into account that no self-reversal was observed in LIBS 
spectra. Figure 11 shows a comparative LIBS spectra of a bronze sample at different water pressures, 1 bar 
and 40 bar. As shown, the species are well identifiable although signal intensity is lower at higher pressure. 
In addition, the spectra acquired at 40 bar revealed a line width substantially larger than that observed at 1 
bar. 
Figure 12 shows line broadening of the Zn (I) 481.05 nm as a function of water pressure. As 
shown, line broadening increases almost a factor of 2.5x when water pressure increases from 1 bar to 60 
bar. This fact may be a consequence of confinement effect of plasma and the collisions in the confined 
volume close to the target [19]. In addition, as described in Chapter 7, the dynamics, lifetime and maximum 
radius of the cavitation bubble remarkably depend on the pressure characteristics. Figure 13 shows that the 
optimum interpulse delay drops significantly as a function of the water pressure. The optimum interpulse  
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Figure 11. Underwater LIBS spectra of sample bronze B at 1and 40 bar pressure. E1 160 mJ, E2 215 mJ, gate width 5 
µs, delay time acquisition 200 ns and interpulse delay time 200 µs and 2 µs, respectively. 
 
 
Figure 12. Influence of pressure on the full Width at Half Maximum (FWHM) of the emission line of Zn (I) at 481.05 
nm. 
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Figure 13. Influence of hydrostatic pressure on the optimum interpulse delay time. 
delay falls from 110 s at 1 bar to approximately 2 s when the water pressure increases up to 60 bar. For 
comparative purposes, the signal-to-background ratio (SBR) for the emission lines of Cu and Zn as function 
of Δt is plotted in Figure 14. Results show that it exits a difference in the SBR values found for Cu and Zn at 
1 bar. However, at higher pressure, the measured SBR is almost coincident for both species, Cu and Zn. 
Based on these results, it seems that (when compared to the atmospheric pressure) exits a fraction effect 
which provides a different plasma behavior, due to the variation of physical and chemical properties of the 
elements integrating the matrix and consequently influence the mass ablation rate and other processes 
occurring in the plasma. In order to elucidate this phenomena, the Zn/Cu and Pb/Cu intensity ratios for the 
samples bronze A and bronze B as function of the water pressure has been plotted in Figure 15. The range 
of pressure was 1-60 bar. In both samples, Figure 15A and Figure 15B, intensity LIBS ratio significantly 
changes as function of the water pressure. In this sense, at higher pressure, the laser-induced plasma is 
enriched in Zn and Pb with respect to the Cu content. In fact, as explained above, this behavior can be 
attributed to matrix effects; it means that a preferential ablation or fractionation of some species in the laser-
induced plasma may occur [39]. 
In fact, a thermal vaporization mechanism characterizes ns- laser ablation and the interaction 
between the laser pulse and the transient states of the elements in the plume could also evaporate material 
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Figure 14. Signal to background ratio of Cu (I) at 521.82 and Zn at 481.05 nm as a function of the interpulse delay 
time (Δt) at two different pressures. 
from the sample surface doing this effect even more pronounced. Due to this constraint, the variation 
observed in the LIBS intensity ratio may be attributed to different rates of volatilization or atomization 
processes for Zn (latent heat of vaporization, 1748 J/g; T melting, 420 ºC; T boiling, 907 ºC), Pb (latent heat 
of vaporization, 862 J/g; T melting, 327 ºC; T boiling, 1740 ºC), and Cu (latent heat of vaporization, 4790 
J/g; T melting; 1083 ºC; T boiling, 2595 ºC) in the plume. This effect, which is well documented for copper- 
based alloys [40, 41] is related to plasma shielding that in our experiment this parameter could be 
associated to plasma confinement due to the external pressure. In this case, taken into account the thermal 
properties and the mechanisms of ns-laser ablation, the plume may be enriched in the most easily 
vaporizable species: Pb and Zn. 
As observed in a previous report [31], it is due to the electron density. At higher pressure, the 
electron density is higher as a result of the compression effect that makes shielding effect more intense.  
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Figure 15. A) Zn/Cu intensity ratio from bronze B and B) Zn/Cu and Pb/Cu intensity ratio from bronze A as function of 
environment pressure. 
Consequently, the laser energy that reaches the sample surface is attenuated inducing less energetic 
plasma. A decrease of plasma temperature could be expected when hydrostatic pressure increases, as 
observed in [42]. In our experiment, electron temperature was calculated observing that the plasma 
temperature change among 12000-10500 K in a pressure range of 1-40 bar. This fact indicates that less 
stoichiometric plasma was obtained, in such a way matrix effect will be favoured producing a preferential 
ablation.  
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4. Conclusions 
In this work, LIBS experiments simulated oceanic conditions in order to evaluate the capabilities of 
this technique for underwater chemical characterization of archaeological materials immersed at higher 
depth. Experiments performed in a DP-LIBS configuration provided a signal enhancement with respect to 
SP-LIBS that suggest the possibility of using this approach for underwater LIBS analysis. Experimental 
parameters including the interpulse delay time (Δt), the acquisition delay and the laser beam energy has 
been optimized for a better analytical response. Concerning the interpulse delay time, Δt drops significantly 
as a function of hydrostatic pressure due to a significant decreases in the maximum bubble size and bubble 
lifetime. Also, the energy of the first laser pulse (E1) affects to the bubble lifetime and its maximum 
expansion. Thus, E1 must be set at the maximum energy to provide an increased bubble lifetime while E2 
should be set to a certain value that avoid the plasma shielding effect.  
The influence of plasma collection geometry has been also evaluated. The optical arrangements 
were: i) orthogonal to the incident laser pulse, ii) 45º with respect to the incident laser and iii) coaxial to the 
incident laser pulse. Best results were achieved using low energy value and a coaxial collection 
configuration and indicate that the design and develop of an oceanographic sensor would be simplified with 
a coaxial DP LIBS configuration.  
Concerning the water temperature, results obtained at 25 bar are quite promising and suggest the 
possibility of LIBS analysis at least at 250 meters deep since at this pressure the water temperature is 
around 20 ºC. Finally, at higher pressure, it seems that (when compared to the atmospheric pressure) exits 
a matrix effect which provides a different plasma behaviour, due to the variation of physical and chemical 
properties of the elements integrating the matrix and consequently influence the mass ablation rate and 
other processes occurring in the plasma. In this sense, intensity LIBS ratio significantly changes as function 
of the water pressure and the laser-induced plasma is enriched in Zn and Pb with respect to the Cu content. 
The results obtained are quite promising and suggest the possibility of integrating LIBS technology into a 
remotely operated vehicle (ROV). This application could be considered as a new LIBS frontier and open the 
door for geological/mineralogical exploration, cultural heritage investigation and/or the inspection of oil and 
gas pipelines in the seafloor. 
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The results obtained in this Doctoral Thesis are quite promising and suggest the possibility of 
integrating LIBS technology in oceanography. This application could be considered as a new LIBS frontier 
and open the door for geological/mineralogical exploration, cultural heritage investigation and/or the 
inspection of oil and gas pipelines in the seafloor. In this sense, according to the initially proposed 
objectives, the results obtained and the individual conclusions presented in the different Chapters of this 
Doctoral Thesis, the following general conclusions can be outlined: 
 The capability of LIBS for the on-site recognition and identification of immersed objects has been
demonstrated by using a remote LIBS instrument.
 Parametric studies in the laboratory such as gas flow pressure, beam focal conditions and
acquisition delay time, among others, were performed to optimize the best conditions for field
analysis. In addition, a number of tasks were conducted outdoors in order to evaluate the stability
and robustness of the Remote-LIBS prototype in a marine environment.
 Underwater characterization of galvanized steel has been accomplished in shallow waters in the
Bay of Málaga. A multi-pulse excitation scheme was selected for LIBS analysis. Depth information
was obtained by tuning the pulse width to 22 ns and 30 ns. In order to determine the Zn coating
thickness, calibration curves were constructed for both pulse durations. Information extracted from
depth profiling analysis could be employed for the quality control of the corrosion protection in the
industrial sector.
 The use of a gas of purge (Ar, He) improve the chemical characterization of ceramics during the in-
situ analysis in an underwater archeological site. In our prototype, the umbilical cord supply gas to
the submersible probe for removing the water and creates a gas–sample interface that improves
the ablation efficiency. The influence of gas pressure on the LIBS signal of ceramic has been also
studied.
 Results obtained during the measurement campaign performed in the wreck of San Pedro de
Alcántara confirmed the maturity of the LIBS technique to perform in a marine environment.
 A software based on linear discriminant analysis for in-situ assigning the chemical identity of the
object in a real underwater site has been designed. The information thus gathered provides
valuable data on the identity of shipwrecks located in coastal waters.
 A high-pressure chamber has been designed and constructed to simulate oceanic conditions in
laboratory. The chamber is certified for pressures up to 400 bar.
 The influence of high-pressure over LIBS signal has been evaluated. For this purpose, a coaxial
DP-LIBS configuration has been properly optimized. Studies based on fast photography and
shadowgraphy images demonstrated that the cavitation bubble expansion is crucial for a better
optimization of the temporal conditions. The optimum t drops significantly as a function of the
pressure. We noted that although the bubble persistence time is considerably larger (a few
hundred s), the duration of the laser-induced plasma is only a few s.
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 In view of the results obtained in this thesis, it would be feasible to design, in a space of reduced 
dimensions such as a remotely operated vehicle (ROV) a standoff LIBS (ST-LIBS) system to 
analyze the samples of interest at different distances in the deep ocean. 
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CERTIFICADO COMPROBACION  
HIDRAULICA PRADO  
CERTIFICA LA COMPROBACION DE TODOS LOS COMPONENTES CON UN FACTOR DE 
SEGURIDAD DE 1.3X LA PRESION DE TRABAJO, CON MANOMETRO PATRON CERTIFICADO Nº 34-
12 DE 0-600 BARES.  
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Ficha técnica de los componentes principales  
 Manguera termoplástica ¼ 700 bares  
 
 
 Válvula de seguridad- limitadora de presión 
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 Bomba manual 
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Antecedentes 
 
El Laboratorio Láser de la Universidad de Málaga contacta con la empresa HIDRAULICA PRADO 
S.L. con objeto de certificar una cámara de altas presiones. El material utilizado para su fabricación fue acero 
inoxidable. El dispositivo, de forma cilíndrica, consta de siete puertos, cinco laterales y uno superior. En la 
figura 1 se muestran las dimensiones exteriores de la cámara. 
Los puertos 1, 2, 3 y 5 están diseñados de igual forma constituidos por un cilindro interior de 
profundidad 48.7 mm con un diámetro 26.2 mm los primeros 10.7 mm y 16.2 mm los restantes 38 mm. Para 
conseguir el sellado de la cámara y la estanqueidad del agua en estos puertos se utiliza un sistema de junta 
tórica, ventana de zafiro y junta tórica encastrada en el cilindro de cierre, tal como se detalla en la figura 2. 
Todo este conjunto de piezas quedan sujetas a la cámara con ocho tornillos de M6 y arandelas específicas 
de presión. A continuación se detallan las características de cada una. 
 
 
 
Figura 1: visión externa de la cámara de altas presiones. 
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Figura 2: sistema de sellado de la cámara para los puertos 1, 2, 3 y 5. 
 
 Collar de soporte de las juntas tóricas: pieza de acero inoxidable torneada, de tal modo 
que encaje una junta tórica (ϕ 22 mm) en su superficie y otra (ϕ 26mm ) en el contorno 
lateral como se muestra en la figura 3.  
 
 
Figura 3: collar de acero inoxidable torneado con hendiduras para hacer de base a la junta tórica. 
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 Ventana de zafiro: pieza de zafiro ϕ 12.7 mm y E 3.0 mm. 
 
 Cilindro de cierre: pieza circular de acero inoxidable de diámetro 51.8 mm y espesor 7.7 
mm perforada en el centro (ϕ 16 mm). 
 
El puerto 4 diseñado para la entrada del agua en la cámara posee un cilindro interior de profundidad 
48.7 mm con un diámetro de 26.2 mm los primeros 13 mm y 16.2 mm los restantes 35.7 mm. Como sistema 
de cierre del puerto se utiliza una pieza cilíndrica (ϕ 51.8 mm y E 7.7 mm) perforada en el centro (ϕ 16 mm) 
y una junta tórica (ϕ 27 mm) tal como se muestra en la figura 4. De igual forma que en los puertos 1, 2, 3 y 
5, las piezas quedan sujetas a la cámara usando ocho tornillos de M6 y arandelas específicas de presión. A 
continuación, el puerto de cierre está unido a un latiguillo de longitud 1750 mm capaz de soportar 700 bares, 
por un tapón hembra giratorio TL 1/4” BSP unido a un reductor macho-macho 1/4 -1/4” BSP. 
En la parte superior de la cámara se encuentra el puerto 6 mecanizado para la función de porta 
muestra. Consta de una profundidad de 108 mm de longitud y ϕ 26.5 mm. En el sellado se utiliza una junta 
de metal buna ϕ 43 mm junto con un cilindro de cierre (ϕ 75.8 mm; E 10 mm) ajustado a la cámara con diez 
tornillos M8 y arandelas específicas de presión. Unidos por vástago M6 se encuentra el cilindro de cierre con 
el porta muestra semi-rectangular de acero inoxidable. Ver la figura 5.  
La salida del agua de la cámara se realiza por el puerto 7. Es un orificio de 12 mm de diámetro 
externo unido, a través de un racor de acero BSP 1/8-1/4”, a una limitadora de presión regulable entre 0 y 
400 bares.  
 
 
Figura 4. Puerto de entrada de agua. 
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Figura 5. Porta muestras 
Prueba de certificación 
La cámara de altas presiones fue sometida a un test de presión para validar su funcionalidad hasta 
400 bares. La prueba de certificación consistió en aumentar poco a poco la presión interna en la cámara 
inyectándole líquido refrigerante con una bomba manual (MEGA, modelo BM-1) tarada a una presión máxima 
de trabajo de 700 bares. En la salida de la bomba manual de inyección se conectó un manómetro, certificado 
hasta 400 bares con un intervalo de error de 10 bar, donde se chequeó la presión alcanzada. Se utilizó un 
látigo de longitud 1750 mm capaz de soportar 700 bares para conducir el líquido refrigerante al interior de la 
cámara. Ver la figura 6. 
Los resultados de la prueba fueron satisfactorios hasta 400 bares de presión. 
 
 
Figura 6. Fotografías del montaje de la prueba de certificación. a) Inicio de la prueba, presión alcanzada 100 bares; 
b) aumento de la presión hasta 400 bares; c) final de la prueba, presión estable en 400 bares. 
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A set of several archaeological pieces was analyzed in Centro de Arqueología Subacuática of 
Cádiz with AQUALAS 2.0. LIBS spectra were acquired in the 350–550 nm range and data were obtained by 
averaging 25 shots laser on three adjacent positions for each sample to obtain a typical spectrum of the 
material. The gas flow used was 2 bar (ΔP 1bar) of Ar. The archaeological pieces under investigation were 
located inside of desalination pools in stabilization phase (treatment that is realized for its later 
conservation). This set of pieces is part of the material found in the archaeological sites of Andalucía coast 
indicated in Figure 1. The result of each of the studied pieces is presented below. 
 
 Delta II shipwreck 
Delta II is a wood wreck with a beam of 24 m and 7 m of breadth located in container terminal of 
Cadiz port. Constructive characteristics suggest a Mediterranean origin. Several cannon, cannon bullets 
and ceramic pieces, as well as a huge part of transported cargo, which is still intact conserved, have been 
found in this site. 
 
 
Figure 1. Archaeological sites of Andalucía coast investigated. 
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Sample i.d: DII.12.272 Material: cannon bullet 
Sample i.d: DII.12.304 Material: olive ceramic container 
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Sample i.d: DII.12.951 Material: cannon 
 
 
 
Sample i.d: DII.12.952 Material: cannon 
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Sample i.d: DII.12.953 Material: cannon 
 
 
  
Sample i.d: DII.13.504 Material: earthenware pitcher 
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 Delta III shipwreck 
Delta III corresponds to remains of a wreck of a ship located in container terminal of Cadiz port. 
Constructive characteristics that it presents as well as the manufacture of the mechanism observed, 
indicate a Dutch origin and a chronological period around 17th century. 
 
Sample i.d: DIII.541 Material: spoon 
 
 
 
Sample i.d: DIII.605 Material: ring 
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Sample i.d: DIII.838 Material: cannon fragment 
 
 
 
Sample i.d: DIII.839 Material: cannon  
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Sample i.d: DIII.14.18 Material: cannon bullet 
 
 
 
Sample i.d: DIII.14.2 Material: cannon load zone  
 
 
 
Appendix 2 
 
246 
 
Sample i.d: DIII.SP.19 Material: crucible 
 
 
 
Sample i.d: DIII.SP.116 Material: metal band 
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 Bajo de San Sebastián shipwreck 
The remains of a shipwreck of a medium-sized vessel have been located in the Bajo de San 
Sebastián (Cadiz). On based of the materials found, archaeologists point out that it should be merchant 
vessel built at the end of 18th century- early 19th century. The merchant was carrying a military cargo in 
which is highlighted discovery such as sword hilts and artillery pieces. Currently, the ship preserves part of 
one side. 
 
Sample i.d: MSS. CA-10.02 Material: handgun fragment 
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Sample i.d: MSS. CA-10.03-1 Material: sabre hilt 
 
 
 
Sample i.d: MSS. CA-10.45 Material: rifle fragment 
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Sample i.d: MSS. CA-10.46 Material: hilt 
 
 
 
Sample i.d: MSS. CA-10.50 Material: arm fragment 
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Sample i.d: MSS. CA-11.219 Material: sheathing 
 
 
 
Sample i.d: MSS. CA-11.220 Material: sheathing 
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 Bucentaure shipwreck 
The remains of a shipwreck of a vessel have been located close to Castillo de San Sebastian, Bajo 
de San Sebastián (Cadiz). On based of current documentation found, archaeologists point out that it should 
be the vessel Bucentaure. This ship, which was the flag ship of the French–Spanish alliance during the 
Battle of Trafalgar, sank in the Bay of Cadiz in 1805. There mains of the wreck were discovered in 1949 at 
17 m depth and include remarkably well-preserved objects such as cannons. 
 
Sample i.d: BCH.CA-05.14 Material: cannon 
 
 
 
 Camposoto shipwreck 
The main archaeological remains found in Camposoto, San Fernando (Cádiz) site, correspond to a 
ship sank in which a beam of 25 m is preserved. The analysis of constructive system, as well as, its artillery 
and personal basic tools and military could indicate that is a ship of French origin and its chronological 
ascription to moments close to the Battle of Trafalgar. On based of this current documentation, 
archaeologists point out that it should be the French line vessel Fougueux. This ship took part of the 
French–Spanish alliance during the Battle of Trafalgar where it was captured by an English vessel. On the 
night of October, 22th 1805, Fougueux was abandoned after a strong storm erupt being run aground in front 
of Camposoto beach.  
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Sample i.d: CAMP.CA-07.33 Material: key 
 
 
 
Sample i.d: CAMP.CA-07.44 Material: button 
 
 
 
Archaeological samples of Centro de Arqueología Subacuática 
 
253 
 
Sample i.d: CAMP.CA-07.59 Material: straightedge 
 
 
 
Sample i.d: CAMP.CA-07.81 Material: enema 
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Sample i.d: CAMP.CA-07.96 Material: sabre cover 
 
 
 
Sample i.d: CAMP.CA-07.109 Material: arm fragment 
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Sample i.d: CAMP.CA-07.136 Material: button 
 
 
 
Sample i.d: CAMP.CA-07.137 Material: button 
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Sample i.d: CAMP.CA-07.147-1 Material: republican coin 
 
 
 
Sample i.d: CAMP.CA-07.147-4 Material: monarchical coin 
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Sample i.d: CAMP.CA-07.149 Material: clock 
 
 
 
Sample i.d: CAMP.CA-07.171 Material: tourniquet 
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Sample i.d: CAMP.CA-08.20 Material: Guinea coin 
 
 
 
 
Sample i.d: CAMP.CA-08.23 Material: hilt 
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Sample i.d: CAMP.CA-08.67 Material: wedge 
 
 
 
Sample i.d: CAMP.CA-08.73 Material: handgun fragment 
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 Sotogrande shipwreck 
In Sotogrande, San Roque (Cadiz) lie the remains of a boat of mixed construction that had to be 
shipwrecked stranding on the beach. The origin of this ship is still unknown. However, the sheathing's ship 
analysis performed with AQUALAS 2.0 (composed by copper and zinc, see sample STG.CA-16.03), 
together with constructive structure study revel that it can be a ship of contemporary era built at the end of 
19th century- early 20th century . 
 
Sample i.d: STG.CA-14.05 Material: bolt 
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Sample i.d: STG.CA-14.10 Material: bolt 
 
 
 
Sample i.d: STG.CA-16.02 Material: sheathing 
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Sample i.d: STG.CA-16.03 Material: sheathing 
 
 
 
Sample i.d: STG.CA-16.05 Material: sheathing 
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